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ABSTRACT
The magnetic reconnection process plays an important role in the interaction between the 
solar wind and the magnetosphere. It leads to the transfer o f energy from the solar wind into the 
magnetosphere. In this thesis, we study three-dimensional (3D) aspects o f magnetic reconnection 
based on magnetohydrodynamic (MHD) simulations.
First, we examine the magnetic field topology o f magnetic flux ropes formed in multiple X 
line reconnection (MXR). It is found that the magnetic field topology depends on the relative 
extent and location of the two neighboring X lines. Magnetic flux ropes with either smooth or 
frayed ends are obtained in our simulations. For magnetic flux ropes with smooth ends, a major 
amount of magnetic flux is connected at each end to only one side of magnetopause.
Second, the evolution of the core magnetic field in the magnetic flux tube is studied for 
various magnetic reconnection processes. We find that the 3D cases always lead to a larger 
enhancement of core field than the corresponding 2D cases since plasma can be squeezed out of 
the flux tube in the third direction. The MXR process gives rise to a larger increase of the core 
field than the single X line reconnection process. The core magnetic field can be enhanced to 
three times the ambient magnetic field strength in the 3D MXR process.
Finally, we examine the generation and propagation of Alfven waves and field-aligned 
currents in the 3D reconnection process. For cases with a zero guide field, it is found that a 
large portion of the field-aligned currents (~  40%) is located in the closed field line region. 
Both the pressure gradient term and inertia term contribute to the generation o f field-aligned 
currents. For cases with nonzero guide field, one sense of field-aligned currents is dominant due 
to the presence o f the initial field-aligned current. In these cases, the inertia term makes a major 
contribution to the redistribution of field-aligned currents. The influence of the initial guide field 
on the longitudinal shift of the current reversal site is found to be consistent with observations.
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CHAPTER 1 
Introduction
Magnetic field line reconnection, first proposed by Giovanelli [1947], is now widely 
believed to be an important process in cosmic plasmas, particularly in the solar corona 
and the magnetosphere. Two important features of the magnetic reconnection process 
are (a) the release and conversion of huge amounts of energy stored in the magnetic field 
into plasma kinetic energy in a very short period of time and (b) a change of magnetic 
field topology. Hoyle [1949] and Dungey [1961] applied the idea to geomagnetic 
phenomena, remarkably concerning the interaction between the interplanetary magnetic 
fields (IMFs) and the geomagnetic fields. On the other hand, Giovanelli’s original 
reconnection idea was further developed and refined by a number of authors [Sweet, 
1958; Parker, 1957; Petschek, 1964; Sonnerup, 1970; Yeh and Axford, 1970; Priest and 
Forbes, 1986; and Priest and Lee, 1991]. The present theories of magnetic reconnection 
are based on their works.
1.1 M agnetic reconnection
1.1.1 "Frozen-in" concept
In order to understand the phenomenon of magnetic reconnection, it is important to 
understand the "frozen-in" concept, i.e., fluid elements which are at one time connected
1
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by a common magnetic field line remain so thereafter. W e start with the magnetic 
induction equation for a conducting fluid. Faraday’s law has the form
r - V x E ' p -1 )
where B  is the magnetic field and E  the electric field. For a fluid with infinite 
conductivity, O hm ’s law becomes
E  =  - v  x  B , (1.2)
where v  is the fluid velocity. Inserting Equation (1.2) into Equation (1.1), we have
—  =  V  x  (v  x B ). (1.3)
Since V  • B  =  0, Equation (1.3) has the same form as:
^  =  V  x  (v  x t l )  (1.4)
for vorticity transport in an inviscid fluid, where f i  =  V  x v  is the vorticity. According 
to the Kelvin-Helmholtz theorem, the flux of vorticity through a closed loop moving 
with the fluid is conserved, which implies that a vortex tube moves with the fluid 
while its strength remains constant. We assume that the cross-section of the vortex tube 
approaches zero so that the vortex tube becomes a vortex line. Thus we can regard a 
vortex line as being "frozen" to the fluid. The same conclusions also hold for magnetic 
field in the perfect conducting fluid. The elements of fluid which are connected by a 
single magnetic field line at one time remain connected at subsequent times.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
For real plasmas found in space or in the laboratory, the conductivity a  is finite. 
Hence the Ohm’s law is modified as
J  =  <t(E  +  v  x B), (1.5)
where J  is the electric current Using Amperes law /zoJ =  V  x  B  with \io the 
permeability in free space, the flux transport equation has the new form:
where the resistivity r) = 1 /a has been assumed constant for convenience. The ratio 
of the first (magnetic convection) term to the second (magnetic diffusion) term on the 
right hand side of Eq.(1.6) is approximately equal to a dimensionless quantity known as 
the magnetic Reynolds number R m = hqVa L / t), where Va  and L  are the Alfven speed 
and length scale of the system, respectively. For a large magnetic Reynolds number, the 
magnetic field convection is dominant, which implies that magnetic field lines diffuse 
slowly relative to the fluid and the frozen-in condition approximately holds. If there 
exists a region in which L  is small (e.g., a current sheet with magnetic field reversal), 
the magnetic Reynolds number becomes smaller, and the magnetic field diffusion term 
becomes comparable to the magnetic convection term so that the frozen-in condition is 
violated in this local region.
Fig. 1.1 shows the magnetic reconnection process in a localized region. Two 
regions with different magnetic field orientation are separated by a one-dimensional 
current sheet indicated by the dashed line. The shaded area is the localized diffusive 
region where the magnetic field diffusion is important. The labels (a, a ’, b and b ’) 
represent the fluid elements that are initially located in the two different regions. When 
the magnetic field line defined by fluid elements a and a ’ and the oppositely-directed
=  V  x (v x  B ) +  — V 2B , 
at K ' Li0
(1.6)
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field line defined by fluid elements b and b ’ approach each other and pass through the 
diffusion region where the frozen-in condition is violated, the connection between a and 
a ’ and between b and b ’ will be broken and the new reconnected field lines defined by 
fluid elements a and b and by fluid elements a’ and b ’ convect away due to the magnetic 
field tension force.
1.1.2 Definitions of 2D magnetic reconnection
From the topological point of view, Vasyliunas [1975] defines "magnetic field line 
reconnection or merging" as "the process whereby plasma flows across a surface that 
separates regions containing topologically different magnetic field lines." In this picture, 
two separatrix branches intersect along a line known as the "X line" or "separator" 
(see Figure 1.1b) [Vasyliunas, 1984; Sonnerup, 1984]. An alternative definition is that 
reconnection is the process associated with a non-zero electric field component along 
all or part of the magnetic X line or separator, which implies a localized violation of the 
frozen-in condition [Baum and Bratenahl, 1980; and Vasyliunas, 1984]. Other authors 
[e.g., Cowley, 1976; Sonnerup, 1984] pointed out that the electric field component 
parallel to the separator is a more appropriate definition than the flow across the 
separatrix. Using the plasma fluid element concept, Axford [1984] suggested that 
the localized violation of the frozen-in condition leads to change the magnetic field 
connection. In the two-dimensional (2D) case, those three definitions listed above are 
equivalent.
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Figure 1.1 Schematic illustration of magnetic reconnection process in a 
current sheet. The separatrices are shown by the heavy lines.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.1.3 Definitions of 3D magnetic reconnection
Although these concepts of magnetic reconnection have been notably successful 
in understanding the magnetic reconnection process in 2D geometries, it is difficult to 
generalize the first two definitions by Vasyliunas [1975,1984] and Baum and Bratenahl 
[1980] to 3D magnetic field configurations. The reason is that the properties o f the X 
line or separator and separatrix do not exist in the general 3D situations. An arbitrarily 
small perturbation of the magnetic field will cause the disappearance of the X line in 3D 
cases. In 2D cases such arbitrary small field perturbation can only shift but not remove 
the X line. Hence, the X line is structurally unstable in the three-dimensional case. This 
has been illustrated by the 3D simulations of the multiple X line reconnection by Fu et 
al. [1990]. It was found that the flux rope formed in the simulation has "frayed ends" 
and a rather complex magnetic topology. But no such problem arises regarding the last 
definition by Axford [1984]. Schindler et al. [1988] proposed a new  definition of the 
magnetic reconnection called "general magnetic reconnection" according to Axford’s 
definition. General magnetic reconnection is defined as the "breakdown of magnetic 
connection due to a localized nonidealness." There is a simple criterion for magnetic 
reconnection to hold: it is necessary and sufficient for magnetic reconnection that
B x V x ( E | v x B ) / 0  (1.7)
in a localized region. This property was proven by Hesse and Schindler [1988]. Another 
definition of the magnetic reconnection is that there is some kind of singular behavior 
of magnetic field lines [Greene 1988], which indicates that isolated magnetic neutral 
points can allow magnetic reconnection process to take place.
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1.2 The basic properties associated with magnetic reconnection
We have briefly described the concept and the various definitions of the magnetic 
reconnection. We now discuss the properties associated with magnetic reconnection, 
e.g., the energy conversion and topology change. For simplification, we only consider a 
2D case as shown in Figure 1.1. According to the topology of magnetic field lines, there 
are only two regions separated by a one-dimensional current sheet, which is denoted 
by a dashed line before the onset of magnetic reconnection (t =  0) in Figure 1.1a. In 
this magnetic field configuration, there is a certain amount o f free magnetic energy 
to be converted by magnetic reconnection. After the onset of magnetic reconnection, 
the magnetic field lines nearest to the current sheet are cut in the diffusion region and 
reconnected to form two new field lines as shown in Figure 1.1b. In this magnetic field 
configuration, there are essentially four regions which consist of topologically different 
magnetic fields. Regions 1 and 2 consist of unreconnected magnetic fields and are 
referred to as inflow regions. Regions 3 and 4 consist of reconnected magnetic field 
lines and referred to as the outflow regions. The reconnected magnetic field lines in 
Region 3 and 4 are highly bent and the strong magnetic tension force accelerates plasma 
to high speed as it moves away from the diffusion region. Consequently, a certain 
amount o f energy stored in the upstream magnetic field is converted to the downstream 
plasma kinetic or thermal energy. The change of magnetic field topology leads to a 
direct coupling between the magnetic fields and plasmas on the two sides of the current 
sheet. In three-dimensions, the topology of the magnetic field is more complicated and 
it may be impossible to distinguish the four regions. Nevertheless, the basic features ( 
e.g., energy conversion from magnetic field to plasma and the coupling between the two 
sides of the current sheet) are always observed in the magnetic reconnection process.
7
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81.3 Magnetic reconnection models
1.3.12D theoretical models
Theoretical steady-state models of magnetic reconnection were successfully devel­
oped by Parker [1957], Sweet [1958], Petschek [1964], Sonnerup [1970], and Yeh and 
Axford [1970] during the early epoch of the study of magnetic reconnection. Vasyliunas 
[1975] pointed out that the above 2D models are fundamentally consistent, representing 
different aspects of the reconnection process. Priest and Forbes [1986] found that the 
magnetic reconnection configuration is very sensitive to the conditions imposed at the 
inflow and outflow boundaries. They obtained a unified family of linear models for the 
incompressible, steady-state magnetic reconnection process. Recently, Priest and Lee 
[1991] proposed a new theory for the nonlinear fast steady-state magnetic reconnection 
process. This model includes highly curved magnetic field lines in the inflow region, 
which differs from that in the classical model of Petschek, and a separatrix jet of plasma 
ejected from the central diffusion region along the magnetic separatrix.
1.3.2 Dungey’s open magnetospheric model
The concept of magnetic reconnection was first applied to the Earth’s magneto­
sphere to explain the geomagnetic storms and auroral activities by Dungey [1961]. He 
pointed out that the interplanetary magnetic field (IMF) and the geomagnetic field con­
nect at the dayside magnetopause as well as in the nightside magnetotail when the IMF 
has a southward B z component. Figure 1.2 shows the configuration of magnetic recon­
nection in Dungey’s open magnetosphere model. Based on the topological properties,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
there are three classes of field lines: (1) closed field lines that connect to the earth in both 
directions, (2) open field lines that connect the earth at one end and to the distant IMF at 
the other, and (3) IMF lines that do not connect to the earth at all. Magnetic reconnection 
between the IMF and the magnetospheric fields takes place when the solar wind with 
a southward IMF impinges on the dayside magnetopause. The reconnected or open 
magnetospheric fields convect to the nightside magnetotail with the solar wind flow. 
The pile-up of the magnetic flux in the magnetotail triggers the magnetic reconnection 
at a certain location which forms new closed magnetospheric fields and IMFs. The 
newly reconnected magnetospheric fields return to the dayside magnetopause to form 
a quasi-steady process. Associated with this process, the transfer of mass, momentum, 
and energy from the solar wind plasma to the magnetosphere produces the geomagnetic 
storms and auroral activities. Since Dungey’s first open magnetosphere model, dayside 
reconnection has been considered as playing an important role in the coupling between 
the solar wind and the Earth’s magnetosphere [Vasyliunas, 1975; Sonnerup, 1979; 
Cowley, 1982; Haerendel and Paschmann, 1982; Lundin, 1988].
1.4 Satellite observations at the dayside magnetopause
Based on ISEE satellite observations of isolated but large scale disturbances of 
the magnetic field, plasma and energetic particle environment at and near the dayside 
magnetopause, Russell and Elphic [1978] suggested that impulsive reconnection takes 
place. They termed such disturbances as flux transfer events (FTEs) in which magnetic 
flux is transferred from the solar wind into the earth’s magnetosphere. Earlier, 
Haerendel et al. [1978], using HEOS 2 magnetometer and plasma data, found localized 
and transient events which are termed "flux erosion events". FTEs and flux erosion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.2 Configuration of magnetic field lines in Dungey’s open mag­
netospheric model.
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events are identified as the same physical process by Rijnbeek and Cowley [1984]. 
These events indicate that the dayside magnetic reconnection is an intermittent and 
sporadic process rather than a steady process as suggested by Dungey [1961]. Figure 1.3 
shows an example o f magnetosheath FTEs observed on Nov. 29, 1977 by ISEE 1 and 
2 [Paschmann et al. 1982]. The total plasma density JV>; the partial densities N p and 
N p o f energetic ions between 8 and 40 keV (solid line) and electrons between 1.7 and 
20 keV (dotted line); the plasma flow velocity up  (km s- 1 ) are plotted in the top three 
panels, while the magnetic field components in the L, M ,  and N  boundary normal 
coordinates and the total magnetic field strength (B ) are shown in the bottom four 
panels. The L, M ,  and N  boundary normal coordinates were first introduced by Russell 
and Elphic [1978]. In this coordinate system, N  points along the magnetopause normal, 
M is directed perpendicular to both N  and the geocentric solar magnetospheric (GSM) 
Z  axis, and L  completes the right-handed system. The origin of the GSM coordinates 
is at the center o f the earth, with X  pointing sunward, Z  northward and in the plane 
determined by A' and the earth’s magnetic dipole, and Y  duskward and completing the 
right-handed orthogonal system.
Figure 1.3 shows three magnetosheath FTEs lablled by 1, 2, and 3. The basic 
signature o f FTEs is a bipolar variation o f normal magnetic field component B  n  • Many 
authors [e.g., Russell and Elphic, 1978, 1979; Daly et al., 1981, 1984; Scholer et al., 
1981, 1982; Sonnerup et al., 1981, 1987; Berchem and Russell, 1982,1984; Paschmann 
et al. 1982, 1986; Rijnbeek et a l, 1982, 1984, 1987; Saunders et al., 1984; Farrugia et 
al., 1987, 1988; Klumpar et al., 1990; Gosling et al., 1990; Elphic, 1990] have further 
examined plasma and magnetic field signatures associated with FTEs and identified a 
large number o f different properties for these events. These bipolar signatures in B n  
during FTEs are often accompanied by an increase in the magnetic field strength when
11
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the magnetosheath magnetic field is strongly southward. The bipolar B n  component 
variation tends to be + / — (termed ’direct’) in the north of the magnetic equator, while 
the opposite sense —/ +  (’reverse’) is found in the south. This implies that FTEs 
originate as pairs near the equator and convect away to north and south. Moreover, 
the magnitude of the B m  component is usually seen to maximize at the center of the 
B n  signature, indicating core magnetic field enhancement of the magnetic flux tube. 
Energetic magnetospheric particles flow along the local magnetic field in FTEs, away 
from the earth, while the bulk properties of the FTE plasma are a mixture of tenuous, 
hot magnetospheric plasma, and the dense, cold magnetosheath plasma. The bulk flow 
velocity in FTEs is sometimes above the local magnetosheath speed. Usually, FTEs 
with a duration about 2 minutes are observed to repeat approximately every 10 minutes.
1.5 Theoretical FTE models
A number of theoretical models have been proposed to explain the intermittent and 
spatial nature of the dayside magnetic reconnection process associated with FTEs.
1.5.1 Patchy and intermittent reconnection model
Russell and Elphic [1978] suggested a patchy and intermittent model for the dayside 
reconnection. They envisaged an FTE as the passage of elbow-shaped magnetic flux 
tubes, which connect the IMF with the magnetospheric field (see Figure 1.4). The 
scenario of the patchy and intermittent model can explain most of the observed features 
of FTEs, e.g., the proper sense of the B n  bipolar signature, energetic particle escape 
and the mixture of the plasma between the magnetosheath and magnetosphere. Due to 
the weak twist of the magnetic field in this model (see Song and Lysak [1989]), it is
12
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Figure 1.3 Data from ISEE 1, for a one-hour period on 29 November, 
1977, showing 3 magnetosheath FTEs (Paschmann et al., 1982).
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difficult to explain the strong enhancement of the total pressure or core magnetic field 
that is frequently observed in the flux tube. Kan [1988] proposed a theory of patchy and 
intermittent reconnections based on 3D tearing mode instability of the magnetopause 
current sheet. The nature of the 3D tearing is localized reconnection sites and the limited 
timescale due to the fluctuation of the solar wind. The 3D tearing reconnection provides 
a mechanism for patchy reconnection. The multiple layer reconnection proposed by 
Galeev et al. [1986] was used to explain the occurrence of patchy reconnection. In 
this model, the magnetic surfaces in the dayside magnetopause can be destroyed by 
the growth and overlapping of magnetic islands. The random walk of the magnetic 
field lines between the destroyed magnetic surfaces leads to magnetic percolation or 
connection between the two sides of the magnetopause. The saturation of the magnetic 
islands due to coupling between the drift tearing mode and ion sound waves halts the 
percolation process and produces the intermittent nature.
1.5.2 MXR model
Lee and Fu [1985] proposed an alternative model for creating FTEs at the mag­
netopause. They pointed out that multiple X line reconnection (MXR) can produce 
magnetic islands at the magnetopause current sheet. If the magnetosheath and magne­
tospheric fields are not exactly antiparallel, the islands will contain a field component 
along the island axis, which implies that the magnetic islands are magnetic flux ropes in 
the 3D case [Figure 1.5]. As the islands grow to some certain size and are eventually 
convected away from the subsolar region, the process repeats, which is demonstrated 
by the numerical simulations [Fu and Lee, 1985, 1986; Lee and Fu, 1986; Ding et al.,
14
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Figure 1.4 Magnetic flux rope in the patchy reconnection model. Magne­
tosheath field lines, slanted arrows, have connected with magnetospheric 
field lines, vertical arrows, possibly off the lower edge of the figure. The 
connected flux tube moves in the direction of the large arrow (Russell 
and Elphic, 1978).
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al., 1988]. The MXR model can explain the properties of the magnetic field signatures, 
plasma acceleration and energetic particle anisotropy.
1.5.3 Bursty SXR model
Further, Scholer [1988a] and Southwood et al. [1988] suggested that FTE 
signatures are produced by bursty reconnection at a single X line which extends over a 
large longitudinal segment of the dayside magnetopause [Figure 1.6], based on the time- 
dependent Petschek-type reconnection discussed by Semenov et al. [1984] and Biernat et 
al. [1987]. Near the reconnection site the magnetic field and plasma have established the 
inflow and outflow characteristics of the steady-state Petschek reconnection, while far 
away from the reconnection site the initial magnetopause current sheet is unperturbed. 
Hence, in the single X line reconnection (SXR), magnetic field lines are open field lines, 
a loop-like structure is produced, and no magnetic flux ropes are formed.
1.6 Observations in the polar ionosphere
According to the theoretical FTE models discussed above, the magnetic flux 
reconnected at the dayside magnetopause is pulled tailward, which produces some 
signatures in the polar ionosphere. The FTE flux tube contains the field-aligned currents 
and Alfven waves due to the twist of the magnetic field. The Alfven waves carrying FACs 
propagate away from the dayside magnetosphere to the ionosphere, which results in 
perturbations o f the local magnetic fields. Furthermore, the upward FAC will accelerate 
the electrons to high energies, leading to auroral brightening. It is widely believed that 
the field-aligned current associated with the FTE flux tube plays an important role in the
16
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Figure 1.5 Multiple X line reconnection model (a) a perspective view of 
the open magnetic flux tube and the regular open field lines as a result 
of multiple X line reconnection at the dayside magnetopause, and (b) the 
projection of flux tubes in the noon-midnight meridian plane ( Lee and 
Fu, 1985).
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Figure 1.6 A schematic drawing of the bursty single X line reconnection 
model (Scholer, 1988).
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coupling between FTEs in the dayside magnetopause and the dayside auroral arcs in the 
ionosphere.
After the discovery of FTEs, many researchers have been attracted to study the 
ionospheric effects o f FTEs. Poleward-moving auroral forms (PMAFs) observed by 
ground-based optical instruments are possible high-latitude ionospheric signatures of 
FTEs [e.g., Sandholt et al., 1986; Mende et al., 1990; Lockwood, 1991; Fasel et al., 
1992, 1993a]. After the initial brightening, the PMAF moves away from the dayside 
auroral oval into the polar cap, which may relate to the tailward convection o f the 
reconnected magnetic flux. Recently, Fasel et al. [1992,1993a] found that most PMAFs 
have multiple brightenings as they drift into the polar cap. The time between successive 
brightenings is typically 1.5-2 minutes. In addition, Fasel et al. [1993a] further studied 
the time distribution between successive PMAF intervals and found that there appears 
to be a good correlation between the time distribution for the PMAFs seen in the dayside 
aurora oval as shown in Figure 1.7a and for FTEs observed at the magnetopause in 
Figure 1.7a, which are produced by Lockwood and Wild [1993]. More recently, Fasel et 
al. [ 1993b] suggested that the patchy multiple X-line reconnection (PMXR) may explain 
the formation, motion, and brightening history of poleward-moving auroral forms.
1.7 Objectives and outline of the thesis
The observations of magnetic FTEs [Russell and Elphic, 1978] and accelerated 
plasma flow [Sonnerup, 1981; Paschmann et al., 1986; Gosling, 1990], as well as ground 
based observations [Lanzerotti et al., 1991; Lockwood and Smith, 1989; Fasel et al., 
1993a], provide substantial evidence that magnetic reconnection is an important physical 
process at the dayside magnetopause during periods of sufficient magnetic shear across
19
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Figure 1.7 (a) Time distribution between successive PMAF intervals 
observed in the dayside aurora oval Fasel et al. [1993a] and (b) 
distribution of inter-FTE intervals taken from Lockwood and wild [1993]
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the magnetopause. Dayside reconnection has been modeled by numerical simulations 
on a global scale and in a local approximation (i.e., on small scales compared to the 
overall size of the dayside magnetopause). While the global approach is important for 
the interaction of various parts of the magnetosphere (Sato, et al., 1986; Ogino et al., 
1989; Fedder et al., 1991), local simulations provide better resolution for processes 
which involve small length scales. A number of models discussed above for dayside 
reconnection have been suggested to explain the observations of FTEs in a local 
approach. In addition, conservation of magnetic helicity is an important constraint for 
the change of magnetic topology [Wright and Berger, 1989; Song and Lysak, 1989]. 
Magnetic reconnection at the dayside magnetopause is a 3D process due to the finite 
size of the dayside magnetopause. Thus, it is important to examine the properties 
of the associated processes: (1) the magnetic topology, (2) the core magnetic field 
enhancement, and (3) the generation and evolution of field-aligned currents during the 
reconnection process through the 3D simulation.
In Chapter 2, we will illustrate that the magnetic flux in the flux rope formed in 
the 3D MXR process may show certain preferable magnetic connections under certain 
condition. We also develop a 3D compressible MHD code to study the dynamics and 
topological aspects of MXR. The results will be applied to explain the new observations 
of fossil FTEs (see discussion on p.24) and the formation of the low-latitude boundary 
layer.
FTEs often show a significant increase of the magnetic field strength at the center 
of the events [e.g., Paschmann et al., 1982], In most cases, the major contribution of 
this increase is due to an amplification of the M component of the magnetic field in 
boundary normal coordinates. Similar magnetic field observations have been reported 
for structures in or near the plasma sheet of the magnetotail at about 20i2e  [Elphic et
21
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al., 1986]. The scale size of these magnetotail structures was estimated to roughly 3 - 
5 R e - In chapter 3, 2D and 3D simulations SXR, MXR, and patchy reconnection are 
presented to examine and compare the amplification of the magnetic field in the center 
of the developing flux tubes.
Field-aligned currents play an important role in the coupling of the magnetosphere 
to the polar ionosphere [Iijima and Potemra, 1976; Iijima et al., 1978; Akasofu, 1984]. 
Previous studies of the generation of field-aligned currents by 3D reconnection have 
assumed magnetotail-like configurations in which the magnetic fields are nearly anti­
parallel [Birn and Hones, 1981; Sato et al., 1984; Hesse and Bim, 1991; Scholer and 
Otto, 1991]. In Chapter 4, we will study the generation of the Alfven waves and field- 
aligned currents associated with magnetic reconnection at the dayside magnetopause. 
In this study, the influence of the B y component of the IMF on the generation of the 
field-aligned currents is considered.
The discussion and summary are given in Chapter 5.
22
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Topology of magnetic flux ropes formed by multiple X line reconnection.
CHAPTER 2
2.1 Introduction
As mentioned Chapter 1, magnetic field topology associated with magnetic recon­
nection is an important topic. Three-dimensional magnetic reconnection is qualitatively 
different from the two-dimensional process [Greene, 1988', Schindler et a l ,  1988; Hesse 
and Schindler, 1988; Fu et a l,  1990; Otto, 1991, Lee et al., 1993]. In two-dimensions, 
there are well-defined boundaries or separatrices to separate the regions with different 
magnetic field topology and plasma properties. The two separatrices intersect to form an 
X point. The magnetic reconnection can be defined as plasma flow across the separatrix. 
But X points and separatrices, often regarded as central properties of two-dimensional 
reconnection [Vasyliunas, 1975], have been shown to be structurally unstable in three 
dimensions [Schindler e ta l ,  1988], i.e., a small three-dimensional perturbation can lead 
to the disappearance of these structural elements.
Lee and Fu [1985] proposed an MXR model to explain the observational signatures 
associated with FTEs as shown in Figure 1.5. At the same time, they also pointed 
out that two ends of the magnetic flux rope formed by MXR reconnection can be 
connected to both the IMFs or the geomagnetic fields. Fu et a l  [1990] carried out 
three-dimensional simulations of multiple X  line reconnection. However, they found 
that the flux rope formed in the simulation has "frayed ends," i.e., field lines in the 
flux rope demonstrate all possible connections (entering from the magnetosphere or
23
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magnetosheath and leaving the rope into either of these regions) and thus reveals a 
rather complex magnetic topology. Thus, it is impossible to determine the separatrix 
according to magnetic field topology. Separatrices and X lines are no longer present in 
three-dimensional reconnections. Lee e t al. [1993] proposed a mechanism to produce 
the well-defined topology in the magnetic flux rope associated with M XR reconnection. 
Furthermore, they pointed out that the combination of local patchy reconnection and 
multiple X  line reconnection can produce various magnetic configurations at the dayside 
magnetopause. From the topological point of view, they explained the formation of 
the low-latitude boundary layer and the fossil FTEs reported by Klumpar and Fuselier 
[1990]. The evolution of the magnetic helicity associated with magnetic reconnection 
has been examined by W right and Berger [1989] and Song and Lysak [1989].
Since the early FTE observations, the observational methods have been extended to 
include additional data on plasma electrons, energetic ions and plasma ion composition. 
Using such data from the AMPTE/CCE satellite, Klumpar and Fuselier [1990], and 
Klumpar et al. [1990] claimed that they identified a new type of FTEs, which are 
observed in the magnetosphere. A detailed examination of the plasma signatures for 
a number of events [Klumpar and Fuselier 1990] has revealed that (1) the electron 
distribution in the central region of the events is remarkably similar to the low-latitude 
boundary layer (LLBL) distribution, (2) the boundary region is composed of hot trapped 
electrons and cold bidirectionally streaming electron beams, and (3) magnetospheric 
plasma is detected immediately outside the events. The measured magnetic field 
exhibits the bipolar signature of the normal magnetic field component. However, some 
properties which have been reported previously for the magnetospheric FTEs, such as, 
the presence of LLBL-like plasma outside of FTEs and strong ion flows, are not present 
for this new class of FTEs. The observed particle features for these events indicate that
24
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magnetosheath plasma is trapped on closed field lines earthward of the magnetopause 
and that reconnection has ceased for these structures. The presence of the observed 
bipolar B n  signatures indicates that the magnetic field lines in these FTE flux tubes 
are twisted and have an azimuthal component. If these signatures indeed originate from 
closed field line regions earthward of the LLBL, most of the models which have been 
proposed for FTE formation ought to be revisited for this class of FTEs. Since it seems 
that reconnection has ceased for these structures, we will call them "fossil" FTEs.
A number of different explanations for the observation of these flux transfer 
events are discussed in the literature. Sibeck [1990, 1992] explained these events 
by a magnetopause motion and transient entries into a layered structure of the low- 
latitude boundary layer. Kan and Klumpar [1993] suggested that the re-reconnection 
associated with multiple patchy reconnection is also a possible process for the formation 
of boundary layer plasma on closed magnetospheric field lines [Kan, 1988; Nishida, 
1989]. As a result of reconnection, solar wind plasma may enter the magnetosphere 
along open reconnected field lines. However, because of the multitude of reconnection 
patches, two reconnected flux tubes can be hooked with each other, leading to re­
reconnection. Magnetosheath plasma on some flux tubes might eventually be found on 
closed magnetospheric field lines as a result of re-reconnection.
In this chapter we will illustrate that, for appropriate conditions, the magnetic flux 
in such flux ropes may show certain preferable magnetic connections. The formation of 
fossil FTEs as well as the LLBL can also be explained by multiple X  line reconnection 
process. In section 2.2 we develop conditions for which flux ropes can be expected 
to exhibit a fairly well ordered magnetic connection to either side of the initial current 
layer. The numerical method and simulation parameters are introduced in section 2.3. 
Section 2.4 presents the simulation results with different topologies in the magnetic
25
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flux ropes. The result is applied to explain the observations of fossil FTEs in sections 
2.5. The last section presents a discussion and conclusion with respect to the proposed 
mechanism.
2.2 Field line topology of magnetic flux ropes
A process for the formation of magnetic flux ropes is provided by multiple X  line 
reconnection [Lee and Fu 1985]. Here the presence of two X  lines generates a magnetic 
flux rope and each additional X  line leads to a further flux rope. Fu et al. [1990] have 
presented a three-dimensional numerical study of multiple X line reconnection in the 
framework of incompressible resistive magnetohydrodynamics (MHD). The resulting 
magnetic topology of the lower (z < 0) magnetic flux tube is shown in Figure 2.1. It is 
seen that magnetic field lines at the ends of the flux tube are connected to both sides of 
the current sheet in an apparently random manner. However, individual field lines can 
be classified into distinct categories based on their topology. Sketches of magnetic flux 
ropes which illustrate these magnetic connections are shown in Figures 2.2a - d. The four 
different types of topology in terms of the magnetic connection to the magnetosphere 
(MSP) or the IMF are (1) MSP to MSP, (2) IMF to MSP, (3) IMF to IMF, and (4) MSP 
to IMF. Obviously, the four types of field line topology may coexist in one magnetic 
tube leading to a relatively complex mixed topology as illustrated in Figures 2.2c and 
2.2/.
We now determine the conditions for which a certain topology may dominate in 
a tube such that a major amount of flux has the same magnetic connectivity. In order 
to formulate these conditions we make some fairly restrictive assumptions. However, 
we will illustrate with the results of numerical computations that these assumptions are
26
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Figure 2.1 Magnetic field lines in a frayed magnetic rope formed in the 
3D MXR reconnection. Solid (dashed) lines indicate sections of field lines 
on the magnetosphere (magnetosheath) side {Fu etal., 1990).
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Figure 2.2 Six possible patterns of the field line topology of the magnetic 
flux rope. The heavy bars denote the reconnection X  lines. The solid 
(dashed) lines indicate field lines on the magnetosheath (magnetospheric) 
side.
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not as restrictive as they appear to be: 1. The onset of reconnection is assumed to 
occur at the same time for all X  lines and the specific reconnection rate (i.e., the electric 
field component parallel to the magnetic field) is assumed to be the same everywhere 
on the X  lines. 2. We suppose that the pitch angle $  of all reconnected magnetic 
field lines with respect to the orientation of the corresponding X  line is determined by 
either one of the asymptotic magnetic field directions. These assumptions neglect for 
instance a certain amount of magnetic flux which is present inside the current layer and 
also exclude dynamical effects which would alter the pitch angle of the magnetic field 
lines like three-dimensional flow patterns at the ends of the flux ropes. Using these 
assumptions the problem of the flux rope topology for a given pair of X  lines becomes 
a pure geometrical problem as illustrated in Figure 2.3, which represents a sketch of 
a flux rope geometry in a projection onto the y-z  plane. In this figure sections of 
field lines which originate from the MSP are indicated by dashed lines and solid lines 
represent IMF origin. The coordinate system is chosen as noted above such that the 
B y component is the same for the interplanetary and magnetospheric magnetic fields 
while the corresponding 2 components point into opposite directions. This choice of the 
coordinate system is also motivated by the fact that the net current is flowing in the y 
direction, such that we can expect that the X  lines (thick plotted solid lines) are located 
along the y  direction at least for the nonlinear evolution of the reconnection process. A 
corresponding orientation of the parallel electric field is observed for the reconnection 
due to a patch of resistivity.
We remark that magnetic flux always enters the flux rope at the dawnside (i.e., 
left-hand side) for a positive B y component and leaves the rope on the duskside (vice 
versa for negative B y). In order that, at a certain instant of time, the magnetic flux enters 
only from MSP, it is required that the leftmost segment of magnetosheath flux which is
29
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Figure 2.3 Simplified reconnection geometry for two X  lines (thick plotted 
lines) in a projection onto the y-z plane. The chosen geometry refers to 
the sketch in Figure 2.2a.
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newly reconnected at the lower X  line ought to undergo reconnection at the upper X  line 
as well. This requires that the end of the upper X  line is shifted by at least the distance 
D p in the negative y direction compared to the termination point of the lower X  line. 
Here D p is given by D p — D r/ t a n $ 3h where D r is the separation distance of the X  
lines and § sk is the pitch angle of the magnetosheath field with respect to the X  lines. 
If  we define A y =  yu — yi, where yu and y/ refer to the y coordinates of the left end 
points of the upper and lower X  lines, respectively, the condition for magnetospheric 
connection is
Ay < D rB y/ B 3h z • (2.1)
Note that both B sh z and Ay are negative in (2.1) and A y <  0 implies that the upper X  
line is shifted to the left with respect to the lower one. The lower indices sh  and sp  denote 
magnetosheath and magnetospheric origin, respectively. It is now straightforward to 
determine the corresponding condition for the entrance of magnetosheath flux:
Ay > D rB y/ B spz . (2.2)
Similarly magnetic flux leaves the flux rope only into the magnetosphere for A y < 
D rB y/ B sh - and only into the magnetosheath for Ay >  D rB y/ B spz, where A y refers 
to the right endpoints of the X  lines. Now any combination of the conditions for the 
entrance and exit of magnetic flux yields a certain topological connection for a major 
amount of the flux which is contained in the flux rope. For instance, if the whole 
upper X  line is sufficiently shifted to the left we expect a pure MSP-MSP connection 
(Figure 2.2a) and a sufficient shift to the right yields an IMF-IMF magnetic connection
(Figure 2.2c). Further, an IMF-MSP topology (Figure 2.2b) requires appropriate X  line
31
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locations and in addition that the lower X  line is at least 2 |D P| longer than the upper
one (vice versa for the MSP-IMF topology). It is also easy to see that a negative B y 
component requires a shift of the upper X line in the opposite direction compared to the 
above considerations.
2.3 Simulation model
In order to support these considerations a number of three-dimensional resistive 
MHD computations have been carried out to study the dynamics and topological aspects 
of MXR. The simulation is based on the solution of the compressible MHD equations 
in a 3D simulation domain. The time evolution of systems under consideration is 
determined by the following set of MHD equations:
where p is the plasma mass density, v  is the plasma velocity, p  is the plasma pressure, B 
is the magnetic field, ?j is the electric resistivity, p 0 is the magnetic permeability in free 
space, and I  is the unit tensor. The current density j  is given by the magnetic induction
(2.3)
^ - = V x ( v x B ) - V x ( ? j j )
(2.4)
(2.5)
(2 .6)
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equation
(2.7)
The energy flux S and the energy density e are defined as
(2.8)
(2.9)
where 7  is the adiabatic constant chosen to be 7  =  5 /3 . For the actual simulation, the
magnetic field strength, the plasma density, the plasma pressure, the length scales, the 
current density, the plasma velocity, the resistivity, and the timescale are normalized to
and 770 =  plqL oVq. Dimensionless quantities will be used throughout the remainder 
of the thesis. The normalized equations are solved simultaneously using a two-step 
Lax-W endroff finite differencing scheme with a third-order artificial diffusion term 
[Lapidius, 1967].
The geometry and coordinate system of the simulation model are illustrated in 
Figure 2.4. The initial configuration consists of two regions with different magnetic 
field orientations which are separated by a one-dimensional current layer of half-width 
L q in normalized units. The x  axis is oriented normal to this current layer, and the 
one-dimensional current layer is centered at the x  =  0 plane. Since we are interested 
in basic properties for the magnetic field topology in this chapter, or the core field 
enhancement and the generation of FACs in next two chapters, we will not consider 
asymmetry in the density or the magnetic field across the current layer. The 2 axis is
typical values B 0, p o , L 0,Vo =  Bo/^/fj,0p0,to =  L 0/V o ,P 0 =  B 02/p .o ,J0 — B 0/ a p 0,
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aligned with the antiparallel magnetic field components, and the orientation of the y axis 
is chosen to complete the coordinate system.
The initial magnetic field is given in normalized units by
B y( x ) =  co s(^ )
and
B z(x ) =  sin ( ^ ) ta n h ( x )  (2.10)
where <j> is the angle between the magnetic fields on the two sides of the current sheet. 
The plasma pressure is chosen such that total pressure is balanced across the current 
layer. The plasma beta is set to (3 =  1 outside the current sheet and the initial plasma 
velocity is set to zero. We also assume a constant initial density of 1 for simplicity.
The simulation is carried out only in one half of the physical domain due to 
the symmetry condition. At the boundaries, x  — L x, y  =  ± L y, and 2 =  ± L Z, the 
normal derivatives of all physical quantities are assumed to be zero. The line symmetric 
boundary condition is imposed in the plane x  =  0. To reduce the amplitude of waves 
reflected by the boundary, a damping term is applied at the outermost grid points.
In order to model magnetic connection under various conditions in a self consistent 
manner, we trigger reconnection at appropriate locations, by using a localized resistivity 
of the form
V = Vb +  ria{ x , y , z )  (2.11)
where 776 is a small background resistivity and t]a( x , y , z ) is the locally enhanced 
resistivity which is used to prescribe the position and the size of a reconnection region. 
The detailed formulation of r]a(x ,y ,  z) in the simulation will be described the in next 
section.
34
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Figure 2.4 Illustration of the geometry of the initial configuration for 
the three-dimensional MHD simulations. The shaded area represents 
the current layer in the system. The orientations of magnetic fields are 
indicated on the boundary surfaces.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2.4 Simulation results
In this chapter, five simulation cases are conducted to examine the magnetic field 
topology in the MXR reconnection. In the first four cases, it is shown that all reconnected 
magnetic field lines appear to have well defined connections, which are similar to the 
field line topology in the schematic drawing shown in Figure 2.2a-d. In the last case, we 
show that all different magnetic connections are mixed in one magnetic flux rope. In the 
simulation, the magnetic field shear angle is chosen to be B y =  0.1. In order to obtain 
a preferable magnetic field topology, the locally enhanced resistivity for these runs is 
chosen to be
77a(x, y, z) =  [771(2/, z)  +  772(2/, z ) ] e x p { - ( x  -  x 0)2} (2.12)
where 771 and 772 determine the positions and the lengths of two X lines. The detailed 
formulations of 771 for the upper X line and 772 for the lower X line are given as
„  z \ = !  VeexP{ - ( z  - z i ) 2}, i f | y - y i |  < X L\ ;
1 ’ \  rjee x p { - ( \ y  -  2/1 1 -  X Li ) 2} e x p { - ( z  -  21 )2}, otherwise,
(2.13a)
<
X L z )2}exp{—(z  -  Z2)2}, otherwise,
n f9l _  j  V e e x p { - ( z  - z 2)2} ,  if |y — 2/21  X l 2\
_  I  J^ ee ip{  —(|y — 3/2I —
(2.136)
where r)e =  0.05 is the localized enhanced resistivity. The upper and lower X lines 
are located at (x0, ) =  (0,25) and (xo, z2) = (0, —25), respectively. The parameters
X u  and X l 2 are the half-lengths of the upper and lower X lines, while 2/1 and 
7/2 are set to determine the related shift between the two X lines. The background 
resistivity 77& =  0.001 corresponds to R m =  1000. Other common parameters used in 
the simulation are N x — 51, L x = 15, N y =  65, L y — 50, N z =  101, and L z =  50.
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2.4.1 MSP to MSP connection
In this case, the half-lengths X l \  and X 12  of the upper and lower resistive regions 
are chosen to be 30, while yi  and 2/2 are respectively 10 and —10, which implies that 
the upper resistive region is shifted to the right by 20 with respect to the lower resistive 
region such that the condition for the relative shift o f the two X  line termination positions 
is well satisfied in order to produce an MSP-MSP connection.
Figure 2.5 presents perspective views of magnetic field lines of flux ropes for 
this run. In Figure 2.5 we have traced seven field lines at t  =  100, where dashed 
lines represent sections of magnetic field lines of preferably magnetospheric orientation 
(i.e., B~ > 0) and solid lines indicate magnetosheath orientation (i.e., B z < 0). It is 
seen that in the plot the flux tubes appear to have well defined magnetic connections. 
All traced magnetic field lines start from the magnetosphere and finally still go to 
the magnetosphere with multiple entries to the magnetosheath side through multiple 
reconnections. In such a flux rope, we have rather smooth ends in which the topology 
is much simpler than one with frayed ends obtained by Fu et al. [1990]. We can 
expect that the central region in the magnetic flux rope contains the initial current sheet 
plasma and the magnetospheric and magnetosheath plasmas are mixed in the boundary 
region of the flux rope. In view of the quite restrictive assumptions for deriving these 
conditions one would expect the presence of a certain amount of flux with a different 
magnetic connection (e.g., magnetic flux that is present in the magnetopause layer itself 
initially). In order to obtain more detailed information about the topological structure of 
the flux rope in Figure 2.5, we consider a cross section of the flux rope and trace a large 
number of field lines through this cross section. Figure 2.6 shows the detailed topology 
of the magnetic flux in the cross section y  =  0. Note that the four symbols indicate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the four different magnetic connections. The sign +  indicates an MSP-MSP connection 
of the corresponding magnetic field lines while signs *, • ,  and A  stand for IMF-IMF, 
IMF-MSP, MSP-IMF connections, respectively. The result in Figure 2.6 illustrates that 
the major amount of flux in the magnetic flux rope has indeed M SP to M SP connection 
indicated in the previous figure. But there still is a certain amount of magnetic flux with 
complicated connections in the central region of the flux rope. We remark that it is not 
straightforward to define a proper boundary of the flux rope and the boundary indicated 
in Figure 2.6 is defined by magnetic flux which intersects the plane x =  0 at least twice.
Figure 2.7 shows (a) the plasma flow pattern in the plane x  =  0 and (b) the 
x  integrated value of the FACs obtained at t =  100. After the onset of magnetic 
reconnection, the reconnected magnetic flux moves toward the central region due to 
the magnetic tension force. The magnetic frozen-in condition still holds outside the 
reconnection or diffusion region. Therefore, plasmas that are a mixture of both the 
magnetosheath and magnetospheric components will move with the magnetic flux, which 
leads to the plasma pressure and magnetic pressure built up. The tube-aligned motion, 
which is shown in Figure 2.7a, reduces the enhanced pressure in the rope. The strong 
twist o f the magnetic field as shown in Figure 2.5 indicates that the tube-aligned current 
is accumulated in the flux tube and simultaneously the guiding magnetic field is largely 
increased in this process (which is detail studied in the next chapter). Consequently, 
FACs in the magnetic flux tube will be significantly enhanced (see Figure 2.7b).
38
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S o
time= 100
Figure 2.5 Perspective view of magnetic field lines in a magnetic flux 
ropes with an MSP-MSP connection formed in the 3D MXR reconnection.
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Figure 2.6 Illustration of the magnetic topology in a cross section of 
the flux rope bounded by thick solid lines for the configuration shown in 
Figure 2.5. The sign + , *, • ,  and A  stand for MSP-MSP IMF-IMF, 
IMF-MSP, MSP-IMF connections.
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Figure 2.7 (a) The plasma flow pattern in the plane x  =  0 and (b) the x  
integrated value of the FACs obtained at t =  100.
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2.4.2 Other magnetic connections
W hen the length and the relative shift of the two locally enhanced resistivity regions 
are appropriately chosen, we can obtain different magnetic connections in the flux ropes. 
Figure 2.8 shows a perspective view of magnetic field lines for other four runs with (a) 
an IMF-MSP connection, (b) an IMF-IMF connection, (c) an MSP-IMF connection, and 
(d) a complex mixed connection. The detailed magnetic topologies of the corresponding 
cases through the plane y =  0 are shown in Figure 2.9. For the so-called smooth end 
cases (see Figure 2.8a-c and 2.9a-c), the results indicate that a major amount of the 
magnetic field lines has a well-defined magnetic connection except for only in the small 
central part of the magnetic flux tube where there are mixed connections. We note 
that the area of the central part with mixed connections reduces since the well-defined 
reconnected flux continuously convects into the flux rope and compresses the region of 
mixing connections with the evolution of the reconnection process. But the complicated 
structure of the magnetic topology still exists in the center region of the flux tube because 
the magnetic flux is not removed. For the last run, Figure 2.9d shows that all different 
connections of magnetic flux are present in the flux rope and mixed together in a random 
manner when the two X lines have the same length and no relative shift None of the 
four magnetic connections is dominant. Generally, the magnetic flux topologies in the 
three-dimensional cases are much more complicated than that in the two-dimensional 
cases. In our simulation, it is impossible to identify the separatrices due to the mixture 
of the different topologies in the flux tube, which demonstrates that the concept of the 
separatrix and separator or X line can not be applied to three-dimensional cases. For 
convenience, we still use the term "X line" to refer the reconnection or locally enhanced 
resistivity region.
42
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t i m e =  100
Figure 2.8 Perspective view of magnetic field lines with (a) an IMF-MSP 
connection, (b) an IMF-IMF connection, (c) an MSP-IMF connection, and 
(d) a complex mixed connection.
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Figure 2.9 The detailed magnetic field topologies in the plane x  =  0. 
The boundaries of magnetic flux ropes are indicated by thick solid lines. 
The sign + .  * ,  * ,  and A  stand for MSP-MSP IMF-IMF, IMF-MSP. 
MSP-IMF connections.
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2.5 Formation of fossil FTEs and the low-Latitude boundary layer
As mentioned in Section 2.1, Klumpar and Fuselier [1990] identified a new type 
of magnetic flux transfer events. Although these events obviously show the magnetic 
signatures of FTEs as mentioned above, they exhibit different and additional plasma 
signatures compared to previous observations. All of these magnetospheric FTEs are 
bordered by magnetospheric plasma and the authors offered three possible explanations 
for the absence of LLBL plasma at the FTE boundaries. One of these explanations 
suggests an intermittent disappearance of the LLBL. Another explanation proposes a 
flux tube which is located adjacent to the magnetopause but of sufficient cross section 
such that it is partly uncovered by the LLBL. A third interpretation which is favored by 
the authors assumes flux tubes which may be wholy detached from the magnetopause 
and consist of closed magnetospheric field lines. The last interpretation is supported by 
the plasma data which shows the presence of a core region which is bounded by a region 
with a distribution of hot trapped magnetospheric electrons and cold bidirectionally 
streaming electrons. In the core region the electron distribution seems to be quite similar 
to the distribution which is somewhat later seen in the LLBL. Here the term core is used 
only to indicate a layered and time-centered structure.
Provided that the interpretations of a deep penetration and a closed magnetic flux 
region for the observations is correct, it seems difficult to understand these properties for 
FTE formation without a further development of existing FTE models. For a multitude 
of reconnection patches, Kan [1988], Nishida [1989], and Kan and Klumpar [1993] 
have illustrated that re-reconnection can lead to flux tubes of closed magnetospheric field 
lines. However, it was also pointed out that the topological problems might require some 
further reconnection process. Penetration of a flux tube into the magnetosphere, which
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often has a larger magnetic field strength than the magnetosheath, is another problem. It 
has recently been shown [Ding et a l ,  1991] that flux ropes formed by multiple X line 
reconnection extend deeper into the region of larger magnetic field strength than a bulge 
o f flux which is formed by single X  line reconnection [Scholer, 1988a; Southwood et 
a l ,  1988].
In Section 2.2, we have already illustrated that MXR is able to form flux ropes with 
a preferable magnetic topology. The result shown in Figure 2.5 illustrates properties 
o f a flux rope with both ends connected to the magnetosphere. Thus this flux rope 
has the appropriate topological properties. The central region of the flux rope should 
consist o f a mixture of magnetosheath and (previously present) boundary layer plasma 
and the size is determined by the width o f the original boundary layer. If reconnection 
continues for a sufficiently long time there ought to be a boundary region with a 
magnetosheath/magnetospheric plasma composition. Because a previously present 
boundary layer is also composed o f magnetosheath and magnetospheric plasma, our 
model implies that the core has more magnetosheath-like properties while the boundary 
region distributions ought to show more magnetospheric influence. A schematic sketch o f 
a magnetic flux tube with closed magnetospheric field lines at the dayside magnetopause 
is shown in Figure 2.10. After reconnection ceases, the closed flux rope which is initially 
formed at the magnetopause will still be attached to this boundary. The twisted magnetic 
flux ropes found in the semiglobal simulations o f Ogino et al. [1989] might be due to 
a similar process. Note that due to the magnetic connection to the magnetosphere an 
average force toward the magnetosphere is exerted on the flux rope. Whether or not 
a full penetration into the magnetosphere due to some interchange motion is possible 
cannot be answered in the framework of the present computations.
46
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2.6 Discussion and conclusion
The purpose of this chapter has been to examine the magnetic field line topology 
of magnetic flux ropes formed in MXR. Previous work has shown that MXR presents a 
model for the formation of magnetic flux ropes which often exhibit a relatively complex 
magnetic topology as shown in Figure 2.1. Here we have studied conditions for which 
the major amount of magnetic flux in a flux rope of finite extent has a simple magnetic 
topology, where the four possible connections of magnetic field lines are: IMF to MSP, 
MSP to IMF, IMF to IMF, and MSP to MSP. The magnetic connection of a flux rope 
determines whether there is a northward, southward, outward, or inward drag exerted on 
a flux rope such that the topology has an important impact on the dynamical evolution. 
The topology and the formation process are also important for the plasma composition, 
and last but not least, the topology of magnetic flux ropes contributes to the degree of 
opening of the magnetosphere and therefore has an influence on the global dynamics.
By assuming that the parallel electric field is the same everywhere along the 
reconnection lines, we reduce the question of a plain topology for the flux rope to a 
simple geometrical problem. We have illustrated that a sufficient relative shift of two 
reconnection lines associated with a suitable difference in the length of these lines can 
lead to the dominance of any of the four possible topological structures. This mechanism 
has been demonstrated by the results of three-dimensional resistive MHD computations. 
In order to avoid misunderstandings, we do not claim that every MXR process leads to 
a simple magnetic topology. In a real system the dynamical evolution will determine 
whether or not certain conditions apply. However, it should be pointed out that any 
topological structure that leads to a singular dynamical evolution in the framework of 
ideal MHD will eventually be removed by an appropriate dissipative process.
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With respect to the formation of fossil FTEs, special emphasis has been given to 
the structures with an MSP-MSP magnetic connection. It has been illustrated that a flux 
rope with this connection can be expected to extend quite far into the magnetosphere. 
A sufficiently long reconnection process would also lead to a layered structure of the 
particle composition. Since boundary layer flux is reconnected first, one would expect 
a mixture of boundary layer and magnetosheath plasma in the core region. This again 
would be bounded by a region composed of magnetospheric and magnetosheath plasma. 
All of these features would fit quite well with the observation of fossil FTEs [Klumpar 
and Fuselier, 1990]. The final fate of these flux structures after the magnetic signatures 
have decayed will be to contribute to the low- and high-latitude boundary layers.
49
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Enhancements of core magnetic field in different reconnection processes
CHAPTER 3
3.1 Introduction
An enhanced core magnetic field or guide field is often associated with the flux 
tubes or ropes in the Earth’s magnetosphere. At the dayside magnetopause, the magnetic 
flux tubes associated with FTEs as shown in Figure 1.3 are often observed to have 
strong core fields [Russell and Elphic, 1978; Paschmann et al., 1982; Berchem and 
Russell, 1982], Scholer [1988b] interpreted the enhanced core fields in FTEs by a 
sweep-up mechanism based on the bursty reconnection model of FTEs [Scholer, 1988a, 
b; Southwood et al., 1988]. In a numerical study, Otto [1990] illustrated that the core 
magnetic field strongly depends on the presence or absence of a corresponding B y 
component in the magnetopause current layer. Berchem and Russell [1982] have shown 
that B y (B m ) is often enhanced in the magnetopause current layer. A mechanism for 
generating an enhanced value of B y is two-dimensional (2D) or three-dimensional (3D) 
stagnation point flow [Shi, 1989; Ma et al., 1993]. If the outflow direction is in the y 
direction or includes the y direction (in the 3D case), it is possible to remove plasma 
from the stagnation region, but the magnetic flux in the y  direction can accumulate over 
the ambient level.
In the magnetotail, observations show a significant B y component within plasmoids 
[Hones et al., 1982; Sibeck et al., 1984; Richardson and Cowley, 1985; Elphic et 
al., 1986; Nishida et al., 1986]. Three-dimensional numerical computations have
50
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investigated the influence of a preexisting B y component on magnetotail reconnection 
[Hesse and Birn, 1990] and show local enhancements of B y within 3D plasmoids [Birn 
and Hesse, 1991]. However, these are relatively small compared to the lobe magnetic 
field. Recent observations [Moldwin and Hughes, 1992a, b] confirm earlier results 
[Elphic et al., 1986] that the value of B y in magnetotail plasmoids can be comparable 
to or larger than the local lobe magnetic field strength. The structure of this class of 
plasmoids can be strikingly similar to the structure associated with flux transfer events at 
the dayside magnetopause. In particular, ISEE observations [Elphic et al., 1986] of the 
magnetic field structures have been interpreted as magnetotail flux ropes with enhanced 
core magnetic fields.
In this chapter, we will discuss mechanisms which may explain the strong enhance­
ments of the magnetic field B y component which is sometimes found to be significantly 
larger than the magnetic field strength outside the flux tubes. This study will compare the 
core magnetic field increases in SXR, MXR, and patchy reconnection in the framework 
of 2D and 3D magnetohydrodynamic (MHD) simulations. According to these simulation 
results, we will determine and compare the increase of magnetic field in the center of the 
developing flux tubes for the various processes and analyze the mechanisms which are 
associated with the core magnetic field increase. The following section briefly describes 
the simulation model and parameters. Section 3.3 presents the simulation results for the 
2D and 3D cases. We discuss the implications for the dayside magnetopause and the 
magnetotail and present a summary of our results in section 3.4.
51
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3.2 Simulation model
The intermediate variance magnetic field component (B y) is often observed to be 
enhanced in the current layer of the dayside magnetopause and the nightside magnetotail. 
Throughout this chapter, we refer to this component as the B y component of the magnetic 
field and choose the x  direction normal to the current layer. In a hodogram representation 
of the y  and z components of the magnetic field, the B y enhancement leads to a bulge in 
the rotation of the magnetic field through the current layer as shown in the graph (b) in 
Fig 3.1. The enhancement of B y in current sheets can be explained by stagnation flow 
configurations which lead to a concentration of the parallel magnetic flux components 
and thus to an increase of the magnetic field B y component [Ma et al., 1993].
For convenience, we use an angle <f> which measures the magnetic shear across 
the current layer (i.e., <j> =  180° corresponds to antiparallel magnetic fields). Thus the 
magnetic field for the initial configuration is given by
B y(x)  =  ( B l 0 + olB 2z0 cosh~2(x))% (3.1)
B z(x) = B~otanh(x),  (3-2)
where
Bzo =  s i n ( |) ,
B y0 =  co s(^ ) (3.3)
where a  is a parameter which determines the variation of B y across the initial current 
sheet and a  =  0 implies that an initial state has a constant y  component of the magnetic 
field across the current layer, while a  =  1 represents a force-free initial configuration. 
A sketch of the hodogram for the B y and B z components for a trajectory through the
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Figure 3.1 Schematic drawing of the initial configuration. Curve (a) is 
the constant By case, and curve (b) is the force-free state.
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current layer is presented in Figure 3.1. We will employ both initial conditions for the 
various reconnection processes. The thermal pressure is chosen such that total pressure 
is balanced across the current layer:
B 2(x) . . . .
—   F p(x)  =  const  (3.4)
and the plasma beta is 1 outside the current sheet. For the simulations we assume a 
constant density of 1 for simplicity. The initial plasma velocity is assumed to be zero.
The time evolution of the magnetic topology and plasma structures is calculated 
by solving the 2D and 3D normalized MHD equations as described in Chapter 2.3. 
For such normalization, typical parameters for the dayside magnetopause are B q =  45 
nT, no =  10 cm- 3 , and L 0 =  300 km, which yield vo = 300 kms-1 and t 0 = 1 
s. For the magnetotail the parameters are Bo = 20 nT, n 0 =  0.5 cm - 3 , and L q =  1 
R e ,  which yield vo =  600 kms-1 and t 0 =  10 s. The normalized equations are 
solved simultaneously using a two-step Lax-Wendroff finite differencing scheme with 
a third-order artificial diffusion term [Lapidius, 1967]. At the boundaries, x = ± X  l 
and z = L z for the 2D cases, and x  =  - k X i ,  y  =  ± L y , and z = L z for the 3D cases; 
the normal derivatives of all physical quantities are assumed to be zero. The mirror 
symmetric and line symmetric boundary conditions are imposed in the z =  0 plane for 
the 2D and the 3D simulations, respectively.
In order to simulate the various reconnection processes, a localized resistivity of the 
form is chosen to be the same as Equation (2.9). We remark that the small background 
resistivity used in the simulation gives rise to a slow diffusion process which tends to 
reduce the maximum of the B y value in the current sheet. For the simulation timescales 
this reduction is about 7 % for the equilibrium current sheet and is approximately the 
same for all force-free cases.
54
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3.3 Sim ulation results
In this chapter, we present 12 simulation cases to examine 2D single X  line and 
multiple X  line reconnection and the 3D generalization of these processes. Typical 
parameters of the simulation cases and the characteristic results are listed in Tables 3.1a 
and 3.1b. Since the concentration of B y in the formed flux tubes is expected to depend 
on the initial B y profile in the current sheet, we consider both a force-free initial state 
and an initial equilibrium with a constant value of B y as illustrated in Figure 3.1. For 
all simulations the magnetic shear (i.e., the angle between the magnetic fields on either 
side of the current sheet) is chosen to be 150°, which gives a value of B y =  0.26JBo for 
the constant B y cases.
3.3.1 Two-dimensional MXR and SXR processes
The parameters used in the 2D simulations of MXR and SXR processes are 
N x =  51, X l = 15, N z = 51, and L z =  50 for MXR in cases 1 and 7, while N z =  81 
and L z =  120 for SXR in cases 2 and 8. To reduce the numerical error and save 
computer time, a nonuniform grid is employed, which provides a resolution of 0.05 in 
the x  direction and 0.5 in the 2 direction near the reconnection region. The localized 
enhanced resistivity r)a in the simulation of the 2D reconnection processes is given by
r}a( x , z )  =  r j iexp{- ( z  -  z0f } e x p { - { x  -  x 0)2} (3.5)
where 771 =  0.05. The resulting resistivity is enhanced in the vicinity of (xo,^o) =  
(0 ,25) for MXR and (a;o,zo) =  (0,0) for SXR. Note that the symmetry condition at 
2 =  0 implies that for MXR a second resistive region exists at 2 =  —20. We have
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Table 3.1 Physical parameters and results for 12 simulation cases. 
T a b le  3 .1 a . In itia l B v Profile: Force Free
Case T ype X l
a
By max 
Bn
1 M XR (2D) infinite 1.3
2 SXR (2D) infinite 1.1
3 M XR (3D) 20 2.7“
4 patchy (3D) 20 1.3
5 M XR (3D) 10 2.2“
6 patchy (3D) 10 1.3
T a b le  3 .1 b . Cases with an In itia l C o n stan t B y : 
By  o =  0.26-Bo
Case Type X la
By max 
Bo
Bymax
B v o
7 MXR (2D) infinite 0.60 2.3
8 SXR (2D) infinite 0.41 1.6
9 MXR (3D) 20 1.7“ 6.5
10 patchy (3D) 20 0.89 3.4
11 MXR (3D) 10 1.4“ 5.4
12 patchy (3D) 10 0.87 3.3
M XR, m ultiple X  line reconnection; SXR, single 
X  line reconnection; 2D, tw o-dim ensional; 3D, three­
dim ensional.
“M axim um  B y value do not reach a  sa tu ra ted  level 
during  the sim ulation tim e from  t  =  0 to  t  — 350. M ax­
im um  By values are chosen as those a t  t  — 240
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chosen this value of the X line separation mainly because it yields a flux rope diameter of 
about 2 R e , parallel to the current layer for the magnetopause applications in agreement 
with FTE observations. The background resistivity is chosen as rjb =  0.001, which 
corresponds to a magnetic Reynolds number of R m — 1000. In the simulations we 
switch on the resistivity at time t =  0.
Case 1 .
For the MXR case with an initial force-free magnetic field configuration, the 
appearance of the two resistive regions leads to the onset of magnetic reconnection in 
these regions and to the formation of a magnetic island which is centered at 2 =  0. 
Figure 3.2 shows the magnetic field lines, the B y contour lines, and the plasma flow 
pattern in the x-z  plane at t = 150. The magnetic island has grown to a large size as 
a result of continuous magnetic reconnections. In the initial force-free field as shown 
in Figure 3.1, B y has a maximum value of 1 at the center of the current sheet (x  =  0). 
Figure 3.2 shows that the initial large B y in the current sheet is now either concentrated 
in the magnetic island or carried out of the simulation box at 2 =  ±50. The B y value in 
the magnetic island is larger than in the surrounding region. The initial large B y flux in 
the current sheet is entirely removed from the reconnection regions. Note also that the 
enhanced plasma flow from the two X  lines leads to a stagnation flow in the center of the 
magnetic island which expands in the x  direction. We found that the maximum B y value 
in the magnetic island at t = 150 is about 1.2, which is slightly larger than the initial 
peak value of 1, while B y is reduced to 0.25 near the X  line (at 2 ~  25). This result 
illustrates that 2D magnetic reconnection does not lead to a significant enhancement of 
B y. The major effect of the process seems to be a redistribution of the initial B y flux.
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Figure 3.2 Contours of magnetic field lines (left), contours of the B y 
component (middle), and the plasma flow pattern (right) for the two­
dimensional multiple X  line reconnection (MXR) simulation with initial 
force-free configuration (case 1) at t  =  150.
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For the SXR process, the reconnection takes place at (x , z) =  (0 ,0), which leads 
to the formation of a bulge-shaped magnetic structure. Figure 3.3 shows the magnetic 
field lines, the B y distribution, and plasma flow pattern in the x-z  plane at t  =  180 for 
case 2. Figure 3.3 shows that the B y flux is removed from the neutral line located at 
(x, z)  =  (0,0) and pumped into the bulge-shaped magnetic field region. We see again 
that the major effect of the reconnection process is a redistribution of B y. The maximum 
value of By  in the enhanced region is ~  1.08, which is close to the initial peak value of 
B y in the current sheet. However, at the reconnection site (X  line), B y reduces to 0.25 
from the initial B y =  1.0 at the same position. The concentration of B y also contributes 
to the increase of the total pressure at the center of the bulge region. The gradient of the 
total pressure accelerates the plasma at the leading edge (z «  35) of the magnetic bulge. 
This process may prevent further accumulation of B y.
For all processes under consideration the maximum value of B y is a function of 
time. We have therefore monitored the value of the maximum of B y as a function of 
time as shown Figure 3.4a, in which the solid and dashed lines represent the MXR 
processes and the SXR process, respectively. We find for the SXR process that the 
evolution of B y saturates at t = 120. At the early stage, the time evolution of B y is the 
same for the MXR and SXR cases. For the MXR case, accumulated magnetic flux from 
each reconnection region collides with each other near the center of the magnetic island 
at about t  =  80 and the magnetic flux B y quickly increases afterward.
Figure 3.4b shows the maximum value of B y as a function of time for cases 7 and 
8, in which B y has a constant initial profile. Without illustration we remark that the 
magnetic field and the plasma flow are similar to the corresponding force-free cases. 
Both the value of B y and the thermal pressure are enhanced in the magnetic island.
59
Case 2.
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Figure 3.3 Contours of magnetic field lines (left), contours of the B y 
component (middle), and the plasma flow pattern (right) for 2D single 
X  line reconnection (SXR) simulation with initial force-free configuration 
(case 2) at i  =  ISO.
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The initial value of B y is 0.26 and the maximum values at the final stage are 0.60 for 
M XR (Case 7) and 0.41 for SXR (Case 8). The amplifications of B y for the MXR and 
SXR processes are respectively 2.3 and 1.6. However, the final B y value is still small 
compared to the ambient field strength.
3.3.2 Three-dimensional MXR and patchy reconnection processes
For the 3D processes we use the same locations of the resistive regions as in the 2D 
cases in the x, z  plane. We limit, however, the extent of these regions in the y  direction. 
In particular, rja is given by
T}a( x , y , z )  =  f ( y ) e x p { —(z -  z0)2} e x p { - ( x  -  z 0)2}, (3.6)
where
f ( , . \  — /  i f  M  — /o
 ^ ' \  r)1e xp { - ( \ y \  -  X l )2}, otherwise. '  ' '
The localized enhanced resistivity rj\ is chosen to be 0.05 in the simulation. The 
magnetic reconnection is triggered at (xq , zo) =  (0,25) for MXR and (xo, zo) =  (0,0) 
for patchy reconnection. The parameter X l is the half-length of the X  line and 
is chosen to be 20 and 10. The background resistivity rjb =  0.001 corresponds to 
R m =  1000. Note that the larger enhanced resistivity is used to save computer time. 
Other parameters used in the 3D simulations of MXR and patchy reconnection processes 
are N x =  51, X L =  15,iVy =  65, L y =  40, N z = 51, and L z =  50 for MXR, 
while N z =  81 and L z — 120 for patchy reconnection. The highest resolution near a 
reconnection region is the same as the 2D simulation in the x  and 2 direction. In the y 
direction we have chosen a uniform grid mesh. The initial configuration is the same as 
the one chosen for the 2D simulations. The resistivity is again switched on at the time 
t - 0.
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(a) Force-free configuration
(b) Constant By profile
time
Figure 3.4 The maximum value of B y as a function of time obtained 
in different reconnection processes. Solid and dashed lines represent 
results from 2D MXR and SXR simulations, respectively, for (a) the initial 
force-free configuration (cases 1 and 2) and (b) the initial constant By 
profile (cases 7 and 8).
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For the MXR case, onset of magnetic reconnection along the resistive regions leads 
to the formation of a flux rope which is centered along the y axis. Figure 3.5 shows 
the magnetic field lines and the plasma flow pattern in the symmetry plane y  =  0 at 
t  =  210. The magnetic field plot indicates that the flux rope has grown to a similar size 
as shown for the 2D case in Figure 3.2. In the x-z plane, plasma flow patterns for 2D 
and 3D cases are different. It is seen from Figure 3.5 that the 3D case does not show the 
stagnation flow pattern around the origin of the system. The cause for this difference 
is the plasma transport along the y direction in the 3D case. Magnetic reconnection 
generates helical flux which compresses the interior of the magnetic flux rope through 
the magnetic tension force. This compression leads to an outward force along the flux 
rope axis. Figure 3.6 shows that the total force (F) is equal to the thermal pressure 
gradient force (F p) along the flux rope axis. It is not surprising that the magnetic force 
(J  x  B ) vanishes at the flux rope axis, because the symmetric condition applied leads 
to the alignment of the magnetic field with the electric field current. Figure 3.6 shows 
that there is a significant pressure gradient force which accelerates the plasma out of the 
flux rope.
The corresponding plasma flow is illustrated in Figure 3.7a, which shows the 
ejection of plasma out of the flux rope. The two thick solid lines indicate the two X  
lines. The flux rope is located between the two X  lines. This tube-aligned flow balances 
the inflow from the reconnection regions. Fu et al. [1990] also detected this type of 
tube-aligned flow in their 3D incompressible MHD simulation. Since this plasma flow 
cannot carry B y flux out of the flux rope region, the B y flux accumulates to a much 
higher value than in the corresponding 2D cases. This concentration of magnetic flux in 
the y direction is clearly seen in Figure 3.7b. The initial value or the maximum B y is 1
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Figure 3.5 The magnetic field (left) and plasma flow pattern (right) in the 
y  =  0 plane at f =  210 for case 3, which corresponds to 3D MXR with
X L = 20.
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and the maximum at this instant of time is about 2.6, which is a significant increase of 
the magnetic field strength over the ambient field of 1.
Figure 3.8 provides a schematic sketch of the 3D MXR reconnection process, in 
which the presence of helical fields leads to the radially inward pinch of the rope as well 
as the enhancement of B y and plasma pressure in the flux rope. The enhanced plasma 
pressure leads to the outward tube-aligned flow, which results in a further enhancement 
of By .
Case 4.
Figure 3.9 shows the magnetic field, the plasma flow, and the contour lines of B y 
in the plane y  =  0 at t  =  210 for case 4 with localized reconnection. It is illustrated 
that the magnetic flux B y is removed from the reconnection region around the y axis 
and is convected to the bulge-shaped magnetic field region. The accumulated magnetic 
flux is carried with the core region by the plasma flow in the z direction similar to the 
2D case in Figure 3.3. However, the 3D effect becomes important; the maximum value 
of B y in this case is 1.3. This maximum B y value (~  1.3) is above the ambient field 
but is considerably less than the maximum B y value (~  2.6) for the 3D MXR case. 
W e also observe that the maximum value of B y saturates during the evolution of the 
reconnection process.
For 3D cases with a constant initial B y profile (cases 9, 10, 11, and 12) the 
maximum B y values as shown in Table 3.1b are significantly larger than those for the 
corresponding 2D cases (cases 7 and 8). In particular, the maximum core magnetic field 
for M XR (cases 9 and 11) exceeds the surrounding magnetic field strength. Although the 
amplifications are large, the absolute B y values are smaller for cases with the constant 
initial B y than for cases with force-free fields shown in Tables 3.1a and 3.1b. Note that
65
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Y
Figure 3.6 The total force (F) and the thermal pressure gradient force 
( F p ) along the flux rope axis at t =  210 for case 3.
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Figure 3.7 (a) The plasma flow pattern in the x =  0 plane and (b) the 
distribution of the B y component in the y =  0 plane ati =  210 for case 
3.
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V
Figure 3.8 Schematic illustration of the core magnetic field and the 
tube-aligned flow in the magnetic flux tube. The magnetic tension force 
associated with the helical fields leads to the radially inward pinch of the 
rope as well as the enhancement of B y and plasma pressure in the flux 
rope. The enhanced plasma pressure results in the outward tube-aligned 
flow.
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Figure 3.9 The magnetic field (left), plasma flow pattern (middle), and 
contours of B y (right) in the y  =  0 plane at t = 2 1 0  for case 4, which 
corresponds to the 3D patchy reconnection with X l  =  20.
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the maximum B y values for all cases in Tables la  and lb  are chosen as those obtained 
at t  =  240.
The maximum B y values for the MXR cases with X l  =  10 are smaller than those 
with X l  =  20 as shown in Tables la  and lb. However, for very long line the 3D 
cases should approach the 2D result, which shows a smaller B y amplification. In order 
to investigate the influence of the X  line length on the evolution of the maximum B  y 
value, we simulate additional cases with differentX line lengths ( X l =  30,40, and 50). 
Figure 3.10 shows the maximum core field B ymax, obtained at t =  200, as a function 
of the X  line length. The peak value of B ymax is located near X l =  30. The value of 
Bymax  obtained in the 2D simulation (case 1) is also shown in Figure 3.10. Figure 3.11a 
shows the time evolution of the maximum B y value for MXR with X l =  10,30, and 50 
and the 2D case. The evolution for patchy reconnection with X l =  20 (case 4) and 10 
(case 6) is shown in Figure 3.11b. The saturated state is not observed up to t  — 350 in 
the 3D MXR cases. The evolution of the maximum B y component is weakly dependent 
on the X  line length for patchy reconnection shown in Figure 3.1 lb.
3.4 S um m ary  and discussion
The purpose of this chapter is to investigate the influence of various magnetic 
reconnection processes on the evolution of the core magnetic fields in magnetic flux 
ropes. W e have compared the increase of the magnetic field in the flux tubes for 2D 
SXR and MXR processes and for the 3D generalization of these processes. For the 
presented simulations, a large increase in the magnetic field in the core of the flux tubes 
is mainly caused by the increase in the y component of the magnetic field B y. For the 
application to the dayside magnetopause, this component corresponds approximately to
70
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Figure 3.10 The maximum value of the B y component obtained at 
t  =  200 as a function of X line length A"/,.
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(a) XL = 10, 30, 50, and 2D for MXR
(b) Xl =20 and 10 for patchy reconnection
time
Figure 3.11 The maximum value of the By component as a function of 
time for (a) MXR with X' l  =  10, 30, and 50 and the 2D case and (b) 
patchy reconnection with X i  =  10 and 20.
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the M component in the boundary normal coordinates. Tables la  and lb  summarize 
the amplification of the core magnetic field for different initial states and different 
reconnection processes. Our results can be summarized as follows: (1) The 3D MXR 
leads to a larger increase of the magnetic field for each set of initial states than the other 
reconnection processes. (2) The 3D processes always lead to a larger amplification than 
the corresponding 2D processes. A significant amplification of the core field above the 
ambient field is only found for the 3D processes. (3) For the same reconnection process 
the field amplification is larger for the constant initial B y configuration than for the 
force-free initial state. However, the final core field in the constant initial B  y case is 
smaller than that in the force-free initial case. (4) A small core field is only found for 
cases where the preexisting B y in the current sheet is significantly less than the field 
strength outside the current sheet. Two-dimensional reconnection with a single extended 
X  line is favorable for a small core field in FTEs.
We interpret these results as follows: (1) For all cases the reconnection process 
leads to a redistribution of the magnetic flux in the y direction which is removed from the 
reconnection regions and accumulated in the reconnected flux tubes. This effect is clearly 
seen in Figures 3.2 and 3.3. (2) The MXR process leads to a larger magnetic tension 
than the corresponding patchy or single X  line reconnection. The stronger compression 
of the flux tubes increases the core magnetic fields. (3) Obviously, 3D effects lead 
to a more substantial amplification of the magnetic field than the corresponding 2D 
processes. In the 3D cases the force imbalance in the y  direction accelerates plasma 
out of the flux tube. This process reduces the amount of plasma and thermal pressure 
and allows a further compression of the flux rope. Since the axial transport does not 
apply to the magnetic flux in the y  direction, this flux is accumulated in the core of the 
flux rope, leading to a significant amplification of the core magnetic field, as illustrated
73
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in Figure 3.8. (4) Enhancement is larger for constant initial B y configurations than for 
force-free initial states mainly because B y is initially smaller in the constant initial B y 
cases. However, the absolute value of the final magnetic field remains much smaller for 
the constant initial B y.
Some caution should be applied to the numerical values of the magnetic field 
enhancement. These values are, in general, a function of time and location, and they 
depend on the particular properties of the system. Here, we emphasize the different 
behavior of different reconnection processes for two fixed sets o f initial conditions. 
Thus we identify important aspects for the core field enhancement in magnetic flux 
ropes. For this study we have not explored factors which can be of importance for 
a particular configuration like a 2D or 3D magnetotail-like equilibrium or asymmetry 
across the current layer. Instead, we tried to concentrate on the major effects for various 
reconnection processes. The characteristic differences between the various processes 
should apply to any current sheet configuration.
Recently, Lee et al. [1993] found that different magnetic topologies (i.e., open, 
closed, and mixed flux ropes) can be formed depending on the position and size of 
the reconnection regions. Our results shown in this paper do not strongly depend on a 
particular magnetic flux topology.
The results of our simulations can explain the strong core magnetic field which has 
been observed [Paschmann et at., 1982; Berchem and Russell, 1982] in FTE’s at the 
dayside magnetopause. Scholer [1988b] suggested a mechanism to explain the origin 
of a strong core field, based on bursty reconnection [Southwood et al., 1988; Scholer, 
1988a]. This mechanism is based on a redistribution and an accumulation of the B y 
flux in the vicinity of the tube axis. We have illustrated that this mechanism is indeed 
operating in both 2D and 3D cases. However, the limited compressibility of plasma
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does not lead to a significant amplification of the magnetic field in 2D cases. For the 
concentration of the magnetic field in a flux tube above the level of the ambient magnetic 
field, we have shown that the 3D effects and, in particular, the acceleration of plasma 
along the y  direction seem to be of major importance. As has been pointed out by Otto 
[1990], a small magnetic field in flux ropes [e.g., Rijnbeek etal., 1984] is probably due 
to a small magnetic field in the current sheet at the onset of reconnection. In addition, a 
small field is indicative of largely 2D processes or single reconnection regions.
Our results can also be applied to the concentration of flux in magnetic flux ropes 
in the magnetotail. Hughes and Sibeck [1987] suggested that the presence of the B y 
component in plasmoids may be due to the penetration of the IMF B y component To 
test this hypothesis, they compared the observed B y within plasmoids with simultaneous 
upstream IMF B y and concluded that the IMF B y penetrates into plasmoids. It is 
also found that B y has a maximum value inside plasmoids [Elphic et al., 1986]. The 
enhancement of the B y component in flux ropes may be a two-step process. Ma et 
al. [1993] have suggested a mechanism which is based on 3D stagnation flow which 
can accumulate and concentrate B y flux in magnetospheric current sheets. The results 
of the present paper suggest this preexisting flux can be concentrated further by the 
onset of 3D magnetic reconnection. We remark that the suggested two-step mechanism 
conserves the sign of B y, which seems to be a typical property for magnetospheric 
current sheets and magnetic flux ropes. The observed large core magnetic fields [Elphic 
et al., 1986; Moldwin and Hughes, 1992a, b] with field amplitudes significantly above 
the lobe magnetic field are highly indicative of reconnection at several magnetic X  lines.
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Generation of field-aligned currents and Alfven waves by magnetic reconnection
CHAPTER4
4.1 Introduction
Field-aligned currents were first proposed by Birkeland [1908] to explain the 
properties of the polar geomagnetic storms, e.g., the disturbance of the geomagnetic 
field and auroral phenomenon in the auroral zone. Later, Chapman [1927] developed 
a new current system to interpret the overall geomagnetic behavior. In Chapman’s 
model, there is no place for field-aligned currents. In the following several decades, the 
Chapman’s current system became dominant although Alfven [1939] argued that field- 
aligned currents are required to drive most o f the ionospheric currents. After satellite 
Explorer 12 observed the transverse magnetic disturbances in the auroral zone [Zmuda et 
al., 1966, 1967], the importance of the field-aligned currents to magnetospheric physics 
became apparent. Now it is widely accepted that field-aligned currents play an important 
role in the coupling between the magnetosphere and ionosphere.
Zmuda and Armstrong [1974] used the TRIAD satellite magnetometer data to 
determine for the first time the flow directions of field-aligned currents at all magnetic 
local times in the northern auroral region. The spatial distribution and magnitudes of 
the field-aligned currents in this region was carried out by Iijima and Potemra [1976a] 
using the same TRIAD satellite magnetometer data. They found that field-aligned 
currents [see Figure 4.1] are concentrated in the so-called auroral oval which encircles 
the geomagnetic pole. The region 1 field-aligned current is located near the poleward
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part of the field-aligned current region while the region 2 field-aligned current is near the 
equatorward part of the field-aligned current region. The flow directions of the region 1 
and 2 field-aligned currents are opposite as shown in Figure 4.1.
Iijima and Potemra [1976b] further examined the data in the dayside high-latitude 
region. The satellites often observed an additional pair of field-aligned currents in the 
noon sector. The equatorward part of the field-aligned current pair merges with the 
dayside region 1 field-aligned currents. The poleward part of field-aligned current pair is 
highly confined around local noon, extending about 5 hours in local time and distributed 
between 78° and 80° invariant latitude. Furthermore, the senses of these field-aligned 
currents are opposite to those of the region 1 currents. From the spatial distributions, 
they suggested that these field-aligned currents are associated with magnetospheric cusp. 
Since the TRIAD satellite did not carry a charged particle detector, the statistical study 
did not examine the relationship between cusp field-aligned currents and cusp particles.
Later, Bythrow et al. [1988] and Erlandson et al. [1988] examined simultaneous 
measurements of the magnetic fields and charged particles near the noon sector. It was 
found that the cusp particle signature is coincident with the equatorward part of the 
observed pair of the field-aligned currents while the poleward part is characterized by the 
mantle particles, which are located poleward of the region of cusp particle precipitation. 
They concluded that the equatorward part of field-aligned currents flows along field 
lines that map to the dayside boundary layer, while the poleward part of field-aligned 
currents flow on those field lines that map tailward into the plasma mantle. Hence, they 
suggested that the poleward part of the field-aligned current pair should be called the 
"mantle" field-aligned currents. The equatorward part of the field-aligned current pair 
is called "region 1 field-aligned currents near noon". The distribution and the intensity 
of this additional FAC system are strongly dependent on the parameters of the IMF.
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Figure 4.1 The distribution and flow directions of large-scale field-aligned 
currents in invariant latitude-MLT coordinates [Iijima and Potemra, 1976b].
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The intensity of the FACs significantly increases with southward IMF. The distribution 
o f the FACs are strongly modified by the IMF B y. For IMF B y >  0 (B y <  0), the 
downward (upward) FAC dominates the Region 1 FAC at noon, while the upward 
(downward)FAC dominates the mantle FAC.
On the other hand, satellite observations o f flux transfer events (FTEs) provided 
evidence for the time-dependent magnetic reconnection at the dayside magnetopause 
[Russell and Elphic, 1978; Paschmann et al., 1982], Saunders et al. [1984] found 
that the field-aligned currents (FACs) along FTE flux tubes are carried away from the 
magnetopause by Alfven waves. Propagation of Alfven waves and the associated FACs 
to the polar ionosphere may lead to the formation of poleward-moving auroral forms 
(PMAFs)[e.g., Sandholt et al., 1986; Fasel et al., 1992; 1993a] and magnetic impulsive 
events [e.g., Lanzerotti et al., 1986; Mende et al, 1990].
Recently, Lockwood and Wild [1993] measured the time between the centers of 
successive FTE signatures. The distribution of inter-FTE intervals found by Lockwood 
and Wild [1993] peaks at ~  3 minutes, while the mean time for the inter-FTE intervals 
is ~  8 minutes. From ground-based optical observations, Fasel et al. [1993a] obtained 
the time distribution between successive PMAF intervals. The distribution peaks at ~  3 
minutes, and the mean time between successive events is ~  6 minutes. There appears to 
be a good correlation between the time distribution for FTEs and for PMAFs.
Numerical simulations have been used to investigate the generation of FACs by 
magnetic reconnection in the nightside magnetotail [Sato et al., 1984; Birn and Hesse, 
1991; Scholer and Otto, 1991; Scholer et al., 1991; Ugai, 1991]. Sato et al. [1984] 
obtained the Region 1 currents in their simulations. They argued that the cross tail 
current is diverted through the slow shocks due to magnetic reconnection. Birn and 
Hesse [1991] found that the Region 1 current is enhanced by the reconnection process
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when their simulation starts from the equilibrium configuration already containing a 
Region 1 current. Employing solid wall boundary conditions in the earthward boundary, 
Scholer and Otto [1991] obtained both Region 1 and 2 FACs. Further, Scholer et al. 
[1991] examined the generation of the FACs in the region tailward of the reconnection 
site and observed the Region 1 like FACs. Ugai [1991] found that FACs with Region 
1 sense can result from the velocity shear along the plasmoid boundary. However, 
in the above simulations, the effects of the B y component are not taken into account 
and the generation of Alfven waves is not examined. Due to the finite B y component 
at the dayside magnetopause, field-aligned currents will preexist in the current sheet. 
We can expect that the magnetic reconnection will give rise of different aspects for 
the generation of field-aligned currents at the dayside magnetopause and in the night 
magnetotail.
In this chapter we examine the generation of field-aligned currents and Alfven waves 
by 3D magnetic reconnection based on MHD simulations at the dayside magnetopause. 
In section 4.2, we briefly describe the numerical method and simulation parameters. 
The simulation results are present in section 4.3 and 4.4. The last section presents a 
discussion and conclusion.
4.2 Simulation model
In this chapter the three-dimensional simulation is based on the compressible 
MHD equations described in Section 2.3. A grid of 51 x 64 x 51 is used in the 
simulation domain. The normalized equations are solved simultaneously using a two- 
step Lax-Wendroff finite differencing scheme with a third-order artificial diffusion term 
[Lapidius, 1967].
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The geometry and coordinate system of the simulation model are illustrated in 
Figure 2.4. The initial configuration consists of two regions with different magnetic 
field orientations separated by a current layer of halfwidth a. In the following, we use a, 
pQ, Bo and Vao =  So /  y/po po as the fundamental quantities for normalization, where 
po is the mass density and S 0 is the magnetic field magnitude in the region away from 
the initial current sheet. The z-axis is normal to the current layer which is centered 
at the z  =  0 plane. The z-axis is aligned with the magnetic field components and the 
orientation of the y-axis is chosen to complete the coordinate system.
The initial magnetic field is given in normalized units by
B y(x ) = c o s ( |)  (4.1)
B z(x) =  sin ( - ) ta n h (x ) ,  (4-2)
where an angle (j> measures the magnetic shear across the current layer (i.e., 0 =  180° 
corresponds to antiparallel magnetic fields). The plasma pressure is chosen such that
total pressure is balanced across the current layer. The plasma beta j3 is set to 1 outside
the current sheet and the initial plasma velocity is set to zero. We also assume a constant 
initial density of 1 for simplicity.
Considering the symmetries, the numerical simulations are only carried out in a 
quarter of the physical domain. At the boundaries x =  15, y =  ±50 and z =  90, the 
normal derivatives of all physical quantities are set to zero. The line symmetric boundary 
conditions are imposed in both the x = 0 and z = 0 planes. To reduce the amplitude of 
waves reflected by the boundary, a damping term is applied at the outermost grid points.
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Magnetic reconnection is triggered at appropriate locations by using a localized 
resistivity of the form
7i ( x ,y ,z )  =T)b + f ( y ) e x p { - ( z  -  zQf } e x p { - {  x  -  zo )2}, (4.3)
where
\  r jiexp{—(|y| — X l )2}, otherwise.
In the simulation, the small background resistivity rjb and the locally enhanced resistivity 
7ft are chosen to be 0.005 and 0.05, respectively. In the magnetotail or at the dayside 
magnetopause, the magnetic reconnection would not take place on the entire line along 
the Earth but would be limited within a finite extent in the dawn-dusk direction. The 
parameter X l  controls the length of the X line. The results shown in this chapter use 
X L =  5.
4.3 Simulation results: B y =  0 case
After the onset of magnetic reconnection, a magnetic bulge region is formed that 
propagates away from the reconnection site as illustrated in Fig. 4.2. A quasi-steady 
trailing region of reconnection is formed behind the bulge front, with convergent flows 
in the x-y  plane. The convergent flows give rise to a strong divergent flow in the z 
direction, which carries plasma and magnetic field into the leading bulge region. This 
process causes a large increase of the total pressure in the bulge region. Due to force 
imbalance in the x-y  plane, the leading bulge structure expands outwards. The expansion 
causes divergent flows in the leading bulge region in the x-y  plane. Fig. 4.2 shows the 
3D perspective of six magnetic field lines at t = 150. The solid (dashed) lines is in 
the magnetosheath (magnetosphere) side with x  > 0 (x <  0). It will be shown that
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these convergent and divergent flows restructure the initial current system, leading to 
the generation of the FACs and Alfven waves.
Fig. 4.3 shows contours o f FACs at t  =  180 in the planes x  =  —1.5 and y  =  10 
for the B y =  0 case. Solid (dashed) lines stand for positive (negative) values in the 
contour plots. Fig 4.3a shows that there exist two pairs of FACs in the x  =  —1.5 plane, 
which are respectively located in the leading bulge region (z >  50) and the trailing 
quasi-steady region (z  <  50). The polarities of FACs in the bulge region are opposite to 
those in the quasi-steady region. The reversed polarity between the right and left side 
can also be seen in Fig. 4.3a. It should be mentioned that the FAC pair in the trailing 
quasi-steady region has not been identified in the previous studies.
Applying our coordinate system to the actual magnetopause, the y <  0 (y >  0) 
region corresponds to the prenoon (postnoon) sector. It is found that in the leading bulge 
region (upper part), the FAC flows into the ionosphere from the magnetosphere at the 
pre-noon side and the FAC is away from the ionosphere at the post-noon side. The sense 
of the FAC directions in the leading bulge region is the same as that of the observed 
Region 1 FAC at near noon.
It is worth noting that there exists an additional pair of FACs with the Region 2 
sense in a small region near the point (x , z) =  (0 ,90) in Fig. 4.3b. This pair of FACs 
has also been found in the simulation by Scholer and Otto [1991]. Due to the use of 
the solid wall boundary condition, the FAC pair in their simulation is strongly enhanced 
and reaches a large value which is comparable with the Region 1 FACs.
Figure 4.4 shows (a) contours of FAC, (b) contours of parallel vorticity, and (c) 
topology of magnetic field lines in the plane z  =  70 at t = 180. In the plots, the position 
of the plane at each time is chosen such that the plane contains the maximum value of 
the total pressure, corresponding to the center of the bulge region. The solid thick lines
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Figure 4.2 Perspective view of leading bulge structure formed in the 3D 
magnetic reconnection. The arrows indicate plasma flow directions.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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( a ) X  = - 1.5
Figure 4.3 Contours of field-aligned currents (J||) at i  =  180 in the 
plane (a) x  =  —1.5 and (b) y  =  10. Solid (dashed) lines stand for 
positive (negative) values. The thick solid lines indicate the boundary of 
the open and closed field line region.
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indicate the boundary between the open and closed field line regions. The solid line 
cuts through the region where the density of the FACs has maximum values and hence 
a large percentage (~  40%) of FACs is located in the closed field line region. The area 
of the generated FACs will increase with the expansion of the bulge structure. But the 
ratio of the FACs in the opened field line region and the closed field line region remains 
approximately constant. Note that the FACs in the closed field line region is due to the 
3D effect. In two-dimensional simulations, the currents are located in the open field line 
region bounded by the separatrix [e.g., Shi and Lee, 1990].
When the bulge structure with high total pressure convects away from the recon­
nection site as mentioned above, the closed field line region is compressed due to the 
divergent flow in the x-y  plane and the field lines are distorted (as shown in Fig. 4.2). The 
expansion of the leading bulge structure in the y  direction gives rise to the y  component 
of the magnetic field. This leads to the generation of the FACs (Jy =  J  • B /B )  because 
the initial current is in the y  direction. In contrast, the magnetic field perturbation of the x 
component does not lead to the generation of FACs. The simulation results demonstrate 
that the FACs result predominantly from the terms B yd B z/d x  and B zd B y/d x  and are 
mainly elongated in the y direction as shown in Fig. 4.4a. Similarly, the convergent 
flow in the trailing region bends the field lines inward as shown in Fig. 4.2, leading to 
the generation of FACs with polarities opposite to those in the bulge region.
The bulge structure of high pressure plasma dragged by the open field lines would 
induce a dawn-dusk electric field (v z x  B x) near x =  0. The signs of the polarization 
charges associated with this convection electric field are positive in the prenoon sector 
and negative in the postnoon sector. It is well-known that the charge density is 
proportional to the parallel vorticity with a reversed sign. It is found that this part of the 
parallel vorticity indeed exists as shown Fig. 4.4b. The FACs would be generated by the
86
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T im e =  180 .0
>> 0
Figure 4.4 (a) Contours of FAC (J||), (b) contours of parallel vorticity 
( 0 | |), and (c) topology of magnetic field lines in the plane z =  70 obtained 
at t  — 180. Solid (dashed) lines stand for positive (negative) values. The 
thick solid lines indicate the boundary of the open and closed field line 
region.
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discharge of the polarization charges to the cusp ionosphere. But this special pattern of 
the FACs is not observed in Figure 4.4a. The reason may be that the ionospheric effect 
is not taken into account in our simulation.
As shown in Fig. 4.3 or 4.4, the average Jj| is ~  0.04 in the normalized units o f 
B q/ an o. For typical parameters at the dayside magnetopause, B 0 — 50 nT and a =  300 
km, the average FAC density can be estimated as J\\ ~  0.04B0/afio  ~  4 x 10 "9 A/m2. 
The FAC density at the ionosphere altitude can be estimated as the J || i ^
where B i ~  5 x  104 nT is the magnetic field strength in the polar ionosphere. We then 
have J\\i ~  4 x  10-6  A/m2, which is consistent with the observations from satellites or 
ground stations [e.g., Iijima and Potemra, 1976a; Bythrow et al., 1988].
Recently, the time evolution o f a localized magnetic flux tube was studied by Wei 
et al. [1991] using 2D MHD simulation with a cylindrical symmetry. They found 
that the localized magnetic flux tube tends to evolve into two separate magnetic flux 
tubes propagating in opposite directions. Based on the relation between the transverse 
components o f the magnetic field and the flow velocity, it can be identified that the 
propagating velocity is the Alfven velocity. In general, any magnetic field perturbation 
associated with Alfven waves can be decomposed into two perturbations: one propagates 
parallel to the background magnetic field and another propagates antiparallel to the 
background magnetic field. The magnitudes of the magnetic field and the flow velocity 
for the two opposite propagating perturbations can be given by
8 B X =  (6B0 -  6V0)/2 , 8VX =  (8V0 -  8 B 0) / 2; (4.5a)
8 B 2 = (8B0 +  8V0)/2 , 8V2 =  (SV0 +  8 B 0) / 2, (4.56)
where 8 B 0 and 8Vo are the initial magnitudes o f the perturbed magnetic field and flow
velocity, respectively.
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From the above discussions, we draw a schematic sketch (Figure 4.5) to illustrate 
the evolution of the perturbation of the magnetic field and plasma flow velocity. Note 
that the heavy box indicates the simulation domain. The thick solid box stands for the 
magnetic field part of the perturbation while the height is the magnitude of the magnetic 
field and the width is the area of the perturbation. The thin solid (dashed) box stands 
for the positive (negative) flow velocity part of the perturbation while the height is 
the magnitude of the flow velocity and the width is the area of the perturbation. Both 
the background magnetic field B and the propagation Alfven velocity v a  is shown in 
the figure. Figure 4.5a shows the case with a very large perturbed area and the initial 
flow velocityequal to zero. From Equation (4.5), we can obtain that the magnitudes 
of the magnetic field and the flow velocity for the two decomposed perturbations are 
respectively {8B l ,8V 1) =  (8B 0/2 ,8 B 0/2 ) and ( 8B 2,8V2) =  {8B0/ 2 , - 8 B 0/2 ). For 
this case, the evolution of the pertubation in the simulation domain is not observed 
for a short running time since the area of the perturbation is much larger than the 
simulation domain. For the case with a small perturbation area compared to the 
case in Figure 4.5a, the pertubation gradually evolves into two separated perturbations 
propagating in opposite directions as shown in Figure 4.5b. In the B y — 0 case, 
the perturbation comes from the magnetic reconnection in the localized region. We 
can predict that this perturbation will also evolve into the two separated perturbations 
carrying field-aligned currents and propagating in the opposite directions away from the 
reconnection region. Figure 4.5c shows a case with a nonzero initial flow velocity for 
the perturbation. In this case, the two decomposed perturbations should have different 
magnitudes of the magnetic field and the plasma flow velocity, but the propagation
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velocities of the two perturbations are both equal to the Alfven velocity. The magnitudes 
of the magnetic field and the plasma flow velocity are given by Equation (4.5)
In order to check whether the opposite propagating Alfven waves associated with 
the FACs exist, we examine the Walen relation v i  =  ± ( v a / B ) B_l, which must 
hold for Alfven waves [e.g., Papamastorakis et al., 1989]. Here vj_ and Bj_ are the 
perpendicular components of the velocity and magnetic field, respectively. The Alfven 
waves are propagating antiparallel (parallel) to the background magnetic field when v  ± 
and B i  are in phase (antiphase). In our 3D simulation, the magnetic field is nonuniform 
in space and it is not easy to identify B  j_. By taking the curl of the W alen relation, we 
have
•^11 ^  ~  ^ 1 1 ’ (4'6)
where v a / B  «  1 in normalized units. It is demonstrated in Figure 4.4 that Equation
(4.6) is valid in the simulation and the results are consistent with the generation of 
Alfven waves. Figure 4.6 plots the relation between FACs and parallel vorticities in 
the plane z =  70 obtained at t=180. All chosen points are in the magnetosphere side. 
Most points are located near the line with slope lp =  —1, which implies that the Walen 
relation is well satisfied. The negative slope (lp =  —1) indicates that the Alfven waves 
propagate parallel to the local magnetic field. Therefore, the FACs generated by the 3D 
reconnection process are associated with Alfven waves, which propagate away from the 
reconnection site. Saunders et al. [1984] also reported that during FTEs the FACs are 
carried away from the magnetopause by Alfven waves.
In general, we consider that the generation or redistribution of FACs is associated 
with both the pressure gradient force and inertia force. We use the momentum equation
90
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Figure 4.5 A schematic illustration of the evolution of the pertubations of 
the magnetic field and plasma flow associated with Alfven waves.
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Figure 4.6 Scatter plot of field-aligned current (J j|) and parallel vorticity 
(Q ||) in the plane z = 10 obtained at t =  180.
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and the continuity of the current density to determine which term is dominant in this 
reconnection process. Form the momentum equation, we have
(4.7)
Employing V  • J  =  0, we obtain
(4.8)
For convenience, we refer to the two terms on the right side as the pressure term and 
inertia term, respectively. Figure 4.7 shows the distributions of each term of the above 
equation in the plane x = 1.5 obtained at t  =  180. It is found that the distributions of the 
pressure term and the divergence of FAC are quite similar in the trailing region, which 
implies that the pressure term is dominant in this region. It is not surprising that the 
contribution of the inertia term can be neglected because we have a nearly steady state 
in this region. But in the bulge leading region, both the pressure term and the inertia 
term are responsible for the generation of FACs.
4.4 Sim ulation results: B y ^  0 cases
As mentioned earlier, if the B y component is non-zero at the dayside magnetopause, 
an initial field-aligned current is present. The magnetic reconnection process may lead 
to redistribution of the FAC. It is therefore worth simulating cases with different values 
of B y  to investigate the influence of the solar wind B y on the generation of FACs.
After the onset of magnetic reconnection, the tension force of the reconnected field 
lines would strongly accelerate the plasma to a high speed in 2 . This strong flow has a
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Figure 4.7 Contour plots of (a) the inertia term, (b) the pressure term, 
and (c) the divergence of field-aligned currents in the plane x =  1.5 at 
t =  180.
large gradientin x. This velocity shear component dvz/ d x  makes the major contribution 
to the parallel vorticity due to the initial finite B y. Also, this component of the velocity 
shear causes a strong twist of the magnetic field and changes the current system since 
this flow does not align with the initial magnetic field. The velocity shear associated 
with dvy /dx  is small due to the small value of vy, which leads to a small contribution of 
the parallel vorticity. This is in contrast to the B y =  0 case, in which the velocity shear 
component dvy/ d x  is dominant. The FACs are mainly contributed by B y( d B z/dx) ,  
but the term B z( d B y/ d x ) will modify the distribution of the FACs. Fig. 4.8 shows the 
3D perspective view of eight magnetic field lines at t =  210. The portion with solid 
(dashed) lines is in the magnetosheath (magnetosphere) side with x  >  0 (x <  0). It is 
found from Fig. 4.8 that the structure of the magnetic field lines is a more complicated 
than one in the B y =  0 case.
Fig 4.9 shows (a) contours of FAC, (b) contours of parallel vorticity, and (c) 
topology of magnetic field lines in the plane z =  70 at t=240 for the case B y =  —0.3. 
Note that the open magnetic field line region is bounded by thick solid lines. It is 
found that the distribution of FACs is strongly modified by magnetic reconnection. 
However, only one sense of FACs is observed due to the large initial FAC. Fig 4.9a 
shows that the modification of FACs is mainly located in the open field line region 
since the reconnected magnetic flux is strongly twisted in this region. As mentioned 
earlier, the reconnected magnetic flux carries and accelerates heated plasma to cause 
the enhancement of the plasma pressure in the open flux region. The gradient force of 
the plasma pressure results in the flux rope expansion, which in turn disturbs magnetic 
fields in the closed field region. This is why the distribution of FAC is slightly changed 
in the closed field lines.
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Figure 4.8 Perspective view of magnetic flux rope-like structure formed 
in the 3D magnetic reconnection.
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Figure 4.9 (a) Contours of FAC (J||), (b) contours of parallel vorticity 
(Q||), and (c) topology of magnetic field lines in the plane z  =  70 obtained 
at t  =  240. Solid (dashed) lines stand for positive (negative) values. The 
thick solid lines indicate the boundary of the open and closed field line 
region.
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It seems hard to identify Alfven waves from the contour plots of total FACs and 
parallel vorticities in Fig 4.9a and b. Based on our earlier discussion of the evolution 
of perturbations, the magnetic field perturbation produced by the reconnection process 
should propagate away from the reconnection region. In addition, the perturbation 
propagating parallel to the background magnetic field is present in the magnetospheric 
side and the perturbation propagating antiparallel to the background magnetic field 
is observed in the magnetosheath side. We can expect that the parallel propagating 
perturbation in the prenoon sector (y <  0) of the magnetospheric side will be added to 
the initial parallel propagating one, while the antiparallel propagating perturbation in the 
postnoon sector (y > 0) of the magnetosheath side will be superimposed on the initial 
antiparallel propagating one. In order to check this prediction, we decompose the total 
FACs into two parts which propagate in the opposite directions based on Equation (4.5) 
and (4.6). Each part contains the initial component and the perturbed component caused 
by the magnetic reconnection. Figure 4.10 shows (a) contours of FAC associated with the 
perturbation propagating antiparallel to the background magnetic field and (b) contours 
of FAC associated with the perturbation propagating parallel to the background magnetic 
field. It is seen that the patterns of the two FAC contour plots are virtually identical 
except for the different locations of the perturbations. The antiparallel propagating FAC 
is nearly unperturbed on the dawn side (y <  0), while the nearly unperturbed region is 
located on the dusk side (y >  0) for the parallel propagating FAC.
Figure 4.11 shows (a) contours of the inertia term, (b) contours of the pressure 
term, and (c) the sum of the two terms in the plane x  =  1.5 at t =  240. It is seen that 
the inertia term is mainly responsible for the redistribution of the FACs in the whole 
simulation domain. The pressure gradient effect can be neglected in this case. In the 
magnetic reconnection process, the 2 component of the plasma flow results mainly from
98
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Figure 4.10 Contours of field-aligned currents associated with Alfven 
waves propagating (a) antiparallel and (b) parallel to the ambient magnetic 
field.
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the magnetic tension force of reconnected field lines. The x  and y  components of the 
plasma flow are due to the imbalance of the total pressure. Hence we can expect that 
the 2 component is much larger than the other two components of the plasma flow. In 
the By — 0 case, v  x B is small so that the inertia term is not the dominant component 
in the generation of the FACs. However, the presence of the B y component leads to the 
large increase of the quantity v  x B . Consequently, the inertia term plays a major role 
in the redistribution of the FACs for the B y ^  0 cases.
Figure 4.12 shows the influence of the initial B y on the generation or the 
redistribution of the FACs. The value of J\\max plotted in Figure 4.12 corresponds to 
the maximum magnitude of FACs in the plane z =  70 at t  =  180. Note that the solid 
(dashed) line is for the upward (downward) FAC. The results show that the FACs are 
strongly dependent on the initial B y component One sense of FACs drops to near zero 
when the initial B y only increases to 10% of the total field strength. At the same time, 
another sense of FACs strongly increases to 0.3, which is about three times the value in 
the B y  =  0 case.
Figure 4.13 shows a schematic sketch of the global view of magnetic reconnection 
and the pattern of field-aligned currents in the northern hemisphere for different B  y 
components of the IMF. When IMF with B y = 0 impinges on the dayside magnetopause, 
the antiparallel magnetic fields across the dayside magnetopause can be found in the 
equatorial plane. However, such antiparallel magnetic fields are only found at the 
magnetic local noon away from the equatorial plane as shown in Figure 4.13a. Hence, 
the reversal site of the downward and upward Region 1 field-aligned currents is located 
at the magnetic local noon. For B y >  0 (B y <  0), it is found that the location where the 
geomagnetic field and IMF are antiparallel shifts to the dusk (dawn) side as shown in 
left panel of Figure 4.13. Consequently, the reversal site of the downward and upward
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
(a) (b) 00
-50 50 -50 50 -50y
50
Figure 4.11 Contour plots of (a) the inertia term, (b) the pressure term, 
and (c) the divergence of field-aligned currents in the plane x  =  1.5 at 
t =  240.
102
Figure 4.12 The maximum magnitudes of field-aligned currents in the 
plane 2 =  70 at t =  ISO as a function of the initial value of B y.
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Region 1 field-aligned currents moves to the postnoon sector for B y > 0, and to the 
prenoon sector for B y <  0 as shown in left panel. The result is consistent with the 
observed pattern of the Region 1 field-aligned currents [e.g., Doyle et al., 1981 and 
Erlandson et al., 1988].
4.5 Discussion and sum m ary
In this chapter, plasma dynamics at the dayside magnetopause are studied based 
on three-dimensional MHD simulations. Magnetic reconnection leads to the change of 
magnetic field topology and the conversion of magnetic energy into kinetic and thermal 
energy. It is found that the FACs and Alfven waves are also generated by magnetic 
reconnection. The relation between the FACs and the B y component o f the IMF is also 
investigated in this study. The results are summarized as follows:
1. The Alfven waves and field-aligned currents are generated in our simulation 
of magnetic reconnection. The Alfven waves carrying field-aligned currents propagate 
away from the reconnection region towards the polar ionosphere and solar wind.
2. For the B y =  0 case, two pairs of field-aligned currents are generated on each 
side of the current sheet. The resulting polarities of the field-aligned currents in the 
leading bulge region are opposite to those in the trailing quasi-steady region.
3. It is found that the field-aligned currents are generated in both the open and 
closed field line region for the B y =  0 case. The magnitude and flow direction of the 
resulting field-aligned currents are consistent with the observed Region 1 field-aligned 
currents at noon [e.g., Iijima and Potemra, 1976a; Bythrow et al., 1988].
4. For the B y ^  0 cases, the field-aligned currents are totally regulated due to 
the presence of B y. Only one sense of the field-aligned currents is left when the B y
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component is greater that 0.3 of the total field. The meridian that separates the dawnside 
and duskside Region 1 field-aligned currents shifts to the prenoon (postnoon) sector 
when the initial B y is positive (negative). This result is consistent with observations.
5. The generation of field-aligned currents results from both the inertia term and 
the pressure gradient term for the B y =  0 case. For the B y 0 cases, the inertia term is 
mainly responsible for the redistribution of the field-aligned currents.
The Alfven waves with the associated FACs in both the open and closed field line 
regions will propagate towards the polar ionosphere, which may lead to the impulsive 
variation in the geomagnetic field [e.g., Lanzerotti et al., 1986] and the brightening of 
auroral arcs often observed from the ground [e.g., Sandholt et al., 1986; Fasel et al., 
1992]. The Alfven waves with the associated FACs in the closed field line region will 
bounce back and forth between hemispheres due to the reflections at the ionosphere. 
This part of the FACs will evolve into damped standing Alfven waves [e.g., Lee e t 
al., 1988], Ground observations also indicate that magnetic impulsive events are often 
accompanied by damped oscillations [e.g., Lanzerotti et al., 1986].
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CHAPTER 5 
Discussion and summary
It is widely accepted that magnetic reconnection plays a crucial role in the 
interaction between the solar wind and the magnetosphere. The magnetic reconnection 
process leads to the transfer of energy, momentum, mass, and magnetic flux from the 
solar wind into the magnetosphere. The dayside and nightside magnetopauses are the 
interface regions between the solar wind and the magnetosphere, where this transfer take 
place. The transfer of energy into the magnetosphere provides the power for various 
magnetospheric and ionospheric processes. It is important to note that the magnetosphere 
and the ionosphere are coupled through the field-aligned currents.
The satellite observations of FTEs and accelerated plasma flow provide evidence 
that magnetic reconnection does indeed take place at the dayside magnetopause during 
southward IMF. Magnetic reconnection is also regarded as a possible source of impulsive 
magnetic variations [e.g., Lanzerotti et al., 1986; Fukunishi and Lanzerotti, 1989] and 
poleward moving auroral forms [e.g., Mende et al., 1990; Lockwood, 1991; Fasel et al., 
1992] observed by the ground stations. Both observations of FTEs from satellites and 
poleward moving auroral arcs from the ground-based optical instruments indicate that 
the dayside magnetic reconnection can take place intermittently. Due to the finite size of 
magnetopause, magnetic reconnection at the dayside magnetopause should be studied 
as a three-dimensional process. Due to the limitation of the numerical resolution, global 
simulations are not able to resolve the fine structure and processes which involve small 
length scales. Thus, it is important to conduct three-dimensional simulation of magnetic 
reconnection to study the properties associated with the reconnection processes.
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In Chapter 2, we examined the magnetic field line topology of magnetic flux ropes 
associated with the MXR reconnection process. In this process, the presence of at least 
two parallel X lines leads to the formation of a magnetic flux rope with each additional 
X line giving another flux rope. For a finite extent of these X lines, each magnetic field 
line in the flux rope is connected to the external magnetic field on one or the other side 
of the current layer. In general, the flux rope resulting from MXR has frayed ends as 
shown in Figure 2.1. However, it is found that for an appropriate extent and location 
of two neighboring X  lines, a simple magnetic topology can be obtained, in which the 
major amount of magnetic flux in the rope is connected at each end to only one side of 
the current sheet. For a sufficient relative shift of the X lines, magnetic flux may enter 
a flux rope from the magnetosphere and return the magnetosphere. In order to support 
these considerations, we have carried out three-dimensional MHD simulations of MXR 
to study the magnetic field topology of the formed flux rope. The simulation results 
show that the majority of magnetic field lines in the flux rope has a simple magnetic 
topology for a certain relative shift of the two X lines. Smooth magnetic connections in 
the resulting flux rope are found in numerical simulations.
With respect to the formation of fossil FTEs, we concentrated on the structures 
with an MSP-MSP magnetic connection. Due to the magnetic connection to the 
magnetosphere, an average force toward the magnetosphere is exerted on the flux rope, 
which may lead to the penetration of the flux rope into the magnetosphere. A sufficiently 
long reconnection process would also result in a layered structure with a mixture of 
magnetospheric and magnetosheath plasma. All of these features would fit quite well 
to the observation of fossil FTEs [Klumpar and Fuselier, 1990]. It is expected that the 
final fate of these flux structures after the magnetic signatures have decayed will be to 
contribute to the low- and high-latitude boundary layers.
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In Chapter 3, the evolution of the core magnetic fields in magnetic flux ropes was 
studied for various magnetic reconnection processes. We also compared the increase of 
core magnetic field in the flux tubes for 2D SXR and MXR processes and for the 3D 
generalization of these processes. Our simulation results show: (1) The 3D MXR always 
leads to a larger increase of the magnetic field for each set of initial states than the 
other reconnection processes. (2) The 3D processes always lead to a larger enhancement 
than the corresponding 2D processes. (3) For the same reconnection process, the field 
amplification is larger for the constant initial B y configuration than for the force-free 
initial state. However, the final core field in the constant initial B y case is smaller than 
that in the initial force-free case. (4) A small core field is only found for cases where the 
preexisting B y in the current sheet is significantly less than the field strength outside the 
current sheet. Two-dimensional SXR reconnection leads to a small core field in FTEs.
The results of our simulations can explain the strong core magnetic field which has 
been observed [Paschmann et at., 1982; Berchem and Russell, 1982] in some FTEs at 
the dayside magnetopause and the concentration of flux in magnetic flux ropes in the 
magnetotail. For FTE observations with the strong enhancement of the core magnetic 
field, we suggest that these FTEs are closely related to the 3D M XR reconnection 
process. A small magnetic field in FTEs is probably due to a small magnetic field in 
the current sheet at the onset of reconnection. In addition, a small field is indicative of 
largely 2D processes or single X line reconnection. The suggested two-step mechanism 
can explain the enhancement of the B y component in magnetotail flux ropes.
In Chapter 4, the generation of the FACs and Alfven waves is studied based on the 
three-dimensional MHD simulation. It is the first 3D MHD simulation that investigates 
the relation between the FACs and the B y component of the IMF. The results indicate 
that both FACs and Alfven waves are generated by the 3D reconnection process.
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For B y  =  0, two pairs of FACs are generated on each side of current sheet The 
polarities of the resulting FAC pair in the leading bulge region are opposite to those of 
FAC pair in the trailing quasi-steady region. It is further found that a  large portion of 
the FACs (~  40%) is located in the closed field line region. The magnitude and the 
sense of the FACs in the leading bulge region are consistent with the observed Region 
1 FACs at noon. We examine the Walen relation between FAC and parallel vorticity 
and find that Alfven waves are generated and propagate away from the reconnection 
site. In addition, both the inertia term and the pressure gradient term contribute to the 
generation of FACs.
For the nonzero B y cases, the initial FAC is redistributed by the magnetic 
reconnection process. The inertia term is mainly responsible for this redistribution in 
these cases. The results indicate that the presence of IMF B y leads to the shift of the 
reversal site between the downward and upward Region 1 field-aligned currents. The 
resulting shift due to the influence of the B y component is consistent with the statistical 
result of the satellite observations. Furthermore, the inertia term is mainly responsible 
for the redistribution of the field-aligned currents.
We suggest that the Alfven waves with the associated FACs in both the open and 
closed field line regions will propagate towards the polar ionosphere, which may lead to 
the impulsive variation in the geomagnetic field and the brightening of aurora arcs. The 
Alfven waves that bounce back and forth between hemispheres due to the reflections at 
the ionosphere will gradually evolve into damped standing Alfven waves in the closed 
field line region.
In the future, we will continue our study of the generation of FACs with consid­
eration of the shear flow and the feed-back effects of the ionosphere. The shear flow 
may modify the distribution of B y after the onset of reconnection, which in turn causes
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additional field-aligned currents. The field-aligned currents generated by magnetic 
reconnection at the dayside magnetopause will propagate along geomagnetic field lines 
to the ionosphere. Part of field-aligned current can return to the reconnection site due 
to the reflection at the ionosphere. The reflected field-aligned currents m ay change 
the reconnection rate and the field-aligned currents. In addition, we plan to study the 
topology of magnetic flux rope formed by reconnections at multiple sites, which may 
lead to multiple enhancements of the field-aligned currents and Alfven waves and hence 
multiple brightenings in PMAFs
In summary, we have carried out MHD simulations to study the magnetic field 
topology, the enhancement of core magnetic field and the generation of field-aligned 
currents associated with 3D magnetic reconnection. In our simulation, magnetic flux 
ropes with either smooth or frayed ends can be obtained through the MXR process. The 
simulation of the core magnetic field indicates that the 3D processes always lead to a 
larger enhancement than the corresponding 2D cases, while the MXR process causes a 
larger increase of the core magnetic field than the patchy reconnection and SXR due to 
larger magnetic tensions in the MXR process. The results indicate that Alfven waves 
and field-aligned currents generated by 3D magnetic reconnection propagate away from 
the reconnection site. For cases with B y =  0, two pairs of field-aligned currents are 
obtained on each side of the current sheet. It is found that a large portion of the 
field-aligned currents (~  40%) is located in the closed field line region. For B y ^  0 
cases, one sense of field-aligned currents is dominant due to the presence of the initial 
field-aligned current. The influence of the initial B y on the longitudinal shift of the 
current reversal site, which separates the downward and upward field-aligned currents, 
is found to be consistent with observations
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